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EXECUTIVE SUMMARY 

IHE Delft in cooperation with the United Nation Food and Agriculture Organisation (FAO) conducted 

a water accounting study for the Urmia Basin in Iran. The project “Rapid Assessment of the Water 

Accounts in Lake Urmia Basin, Iran” (WA-Urmia) was part of FAO led Integrated Programme for 

Sustainable Water Resources Management in Urmia Lake Basin (GCP/IRA/066/JPN) that aims at 

contributing to the mandate of the Urmia Lake Restoration Program (ULRP) by providing technical and 

strategic support in implementing an integrated and sustainable management system for the Urmia Lake 

basin.  

This report describes the results and steps taken for implementing water accounting plus (WA+) in 

Urmia Lake basin. The WA+ is a tool for collecting, analyzing, summarizing and reporting the water 

related information in river basins. The WA+ uses remotely sensed and other open access data to 

compute water flows. The study focused on the two Iranian water year of 1) October 2013 – September 

2014 (year 1), Mehr 1392 – Shahrivar 1393 and 2) October 2014 – September 2015 (year 2), Mehr 1393 

– Shahrivar 1394. Monthly Evapotranspiration maps at 30 m resolution were prepared using pySEBAL.

pySEBAL is a tool that translates raw satellite measurements into maps of actual evapotranspiration and

crop production, among others. Ground data on precipitation, flow data and storage change were

collected and processed together with several remote sensing based data to produce and validate

Evapotranspiration maps and the WA+ fact sheets. The implementation of the WA+ at basin scale

excluded the Lake area.

The total precipitation was 13.76 km3 in the year 1, precipitation of 310 mm, and 16.39 km3, 369 mm, 

in the year 2. The year 1 was considered as a dry year when compared to long term basin average of 378 

mm. WA+ results show that, the low rainfall in the year 1 led to an estimated 0.39 km3 of storage

depletion. This is the volume of water that was taken from the storage in this year without replenishing.

In the year two due to having higher rainfall the overall depletion of storage was negligible. Yet the

results show that the loss of storage in year 1 was not compensated in the year 2 and the loss of storage

was carried over.

Of the total precipitation in the basin, nearly 80% was Landscape ET which indicates the total 

evapotranspiration through natural processes. Despite the significant precipitation difference between 

the two years this proportion remained almost constant. This hints at the likelihood that the amount of 

water that is allocable in the basin is almost linearly related to the total precipitation.  Although a two-

year analysis may not be sufficient to draw a conclusion. 

The average two-year annual total net water consumption from water withdrawals, i.e. the utilized flow, 

was 2.14 km3. Notably, the utilized flow did not show a significant change in the two years with the first 

year being slightly higher at 2.16 km3 than the second year, 2.12 km3. This suggest that in the first year 

a higher proportion of the overall water use came from withdrawals, likely the groundwater, compared 

to the second year which had higher rainfall.  

In Urmia Lake basin on average 40% of the total ET is through human managed processes. In the year 

1, of the total 13.46 km3 evapotranspiration, 5.57 km3 (41%) was through managed activities. In the year 

2, of the total ET of 15.42 km3, 6.13 km3 (40%) was managed. In both years agriculture was the primary 

consumer of water within the managed activities. Agriculture, both rainfed and irrigated, accounts for 

31% of total ET in the whole basin. It was found that a significant part, 42%, of evapotranspiration from 

agriculture is through rainfed agriculture and the rest 58% through irrigated agriculture. Almost half, 
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50%, of water consumed in rainfed agriculture in the basin is lost to evaporation which does 

not contribute to crop growth and is mostly non-beneficial. This shows, in general, rainfed agriculture 

in the basin is currently unable to reach its potential in productivity and an opportunity exists for 

improvements through practices that help reduce evaporation and consequently either increase T or 

reduce ET. This can be achieved by interventions such as mulching, use of better seeds and overall 

improved farm  management in the rainfed agricultre.  

Transpiration in irrigated agriculture accounts for 67% of ET. This is relatively low compared to other 

river basins in the region (e.g. Litani in Lebanon with 82% T/ET ratio) and indicates the irrigated 

agriculture in Urmia basin is underperforming and that there is an ample opportunity to reduce water 

consumption in agriculture without compromising food production by focusing on interventions 

that help reduce evaporative losses.  

Overall, the results show that majority of water in Urmia basin is used by processes that produce limited 

or no benefits. This is evident from the low average beneficial fraction (=Beneficial ET / Total ET) of 

44%. In a basin such as Urmia where water scarcity has had dire impacts on the environment, it is of 

utmost importance to ensure water is used in the most beneficial manner possible. Hence special 

attention must be given to increasing the beneficial use of water through targeted policies in different 

sectors.   

IHE has setup a web data portal to visualize spatial maps produced and used in this study. The portal 

is accessible via web address of: www.WA-Urmia.Org. The portal contains annual maps of 

precipitation, ETa, NDVI, LAI, LST, SWI, NPP and P-ET in addition to DEM, Land use map of 

2015, and location of rain gauges, hygrometry stations and farm boundaries for a section of Miandoab 

irrigation scheme. The layers are visualized in interactive format and can be switched on and off and 

investigated for the values in each pixel for all the presented layers. A link is also provided to view the 

WA+ sheets.   

http://www.wa-urmia.org/
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Chapter 1

Introduction and Project 

Background 
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1.1 PROJECT BACKGROUND 

Urmia Lake Basin 

Urmia Lake Basin that is an endorheic basin (an enclosed basin with no outflow except groundwater 

seepage and evaporation). Urmia Lake is a terminal lake that is situated in this basin. All the run off 

generated in the basin end in this terminal lake through a network of rivers. Endorheic basins, in general, 

have a fragile water balance, any long term changes in precipitation (e.g. due to climate change) or water 

use patterns (e.g. through expansion of agriculture) is likely to make an impact on the terminal lake level 

and area due to reduced inflow. Several terminal lakes such as Lake Chad in Africa, Aral Sea in central 

Asia, and Lake Poopo in South America, have been also affected in the recent past. 

Figure 1.1: Trajectory of change in the surface area of the Urmia Lake 

The Lake Urmia has shared the same fate. The past two decades has witnessed a staggering decline of 

the surface area. Once the world second largest hypersaline lake with a surface area of nearly 5,000 km2, 

the lake is now reduced to below 2000 km2. The loss of surface area of the lake has been accompanied 

by decline in the lake level (Figure 1.1). The lake level dropped by 8 meters from 1278.21 (meter above 

sea level: masl) in 1995 to 1240.04 in 2015 (ULRP 2016). The salt desert that has been replacing the 

lake (Figure 1.2) is posing great environmental and health.    

While the main reason behind the decline of the Urmia Lake remains a matter of dispute between 

scientists (AghaKouchak et al., 2015; Shadkam et al., 2016) it is plausible that a combination of natural 

factors e.g. reduced precipitation and anthropogenic changes e.g. expansion of irrigated agriculture are 

the drivers behind the lake shrinkage. Historical precipitation data shows that the average precipitation 

during the period of 1995-1996 to 2012-2013 was 317 mm, recording an 18% reduction compared to 

the long term average (1951 to 1995). At the same time, irrigated croplands have grown in area by more 

than three folds since 1970 reaching to nearly 5000 km2. The combined effect of the reduction of rainfall, 

rising temperatures and increased water use in agriculture has led to significant reduction of flow of 

water to the lake. The average annual inflow to the lake in the period of 1996 to 2012 showed a 50% 

reduction compared with the long term average (1951-1994), retreating from 4900 million m3 to 2400 

million m3.  
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Figure 1.2: The Salt desert replacing the lake (photo: C. Batchelor) 

Urmia Lake Restoration Program 

Urmia Lake Restoration program (ULRP), a national priority policy objective, was established by the 

Iranian government in 2013 aims at the developing and implementing integrated and sustainable 

solutions that helps to stop the decline and revive the lake to an ecological level of 1274.1 masl.  This 

10 year program has three main phases; i) stabilisation, ii) restoration and iii) final restoration, during 

10 years (2013-2023).  

The “ULRP” road map consist of six main interventions: 

 40 % reduction in water use by agricultural sector through increasing agricultural productivity

up to 60 % through increased investment in new technologies (during a period of five years)

 Control and decrease the use of both surface and ground water by constraining development of

new projects (especially in agricultural sector), illegal water abstraction, volumetric allocation

and equipping the wells with smart water meter

 Control and mitigation of environmental impacts and protecting regional livelihood

 Soft measures such as increasing stakeholder awareness, capacity building, and establishing a

decision-support system.

 Increase the rivers flow to the lake through inter basin water transfer projects

 Developing new sources of water supply such as recycling of waste water and water transfer

projects

As part of the project: “Sustainable Water Resources Management in the Urmia Lake Basin” FAO is to 

develop an integrated work plan that contributes to Lake Urmia restoration by aiming to reduce water 

consumption in agriculture by 40% over five years period. The project contributes to the first objective 

of the ULRP. However, due to the existing interlinkages among all the objectives, to achieve the target 

of 40% reduction in agricultural water use simultaneous work and progress under other listed objectives 

is needed. 

The ULRP aims at managing demand and increasing supply. Hence it requires change in water 

governance and a swift move towards integrated water management. Governance of water in Iran is 

shared between several authorities with the Ministry of Energy and the provincial bodies (the water 
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authority) in the lead. At the provincial level, the water authority assesses the water availability and is 

in charge with water allocations across all major uses. The water authority periodically measures the 

river flow and the stored water in the dams. On the demand side, the water authority receives water 

demand estimates at the sub-basin level from the Ministry of Agriculture and drought projections from 

Climatic centre. The water authority then determines the amount of water allocation for different users 

giving priority to domestic use (drinking water) followed by industry, environmental flows and finally 

agriculture. The amount of water released for agriculture is derived from demand estimates provided by 

the Ministry of Agriculture and volumes of water to be released for farmers are announced for each sub-

basin. The ministry of Agriculture is in turn responsible for water distribution at secondary and third 

level canals up to irrigation schemes and farm fields. 

Water Accounting 

Water accounting is the systematic quantitative assessment of the status and trends in water supply, 

demand, distribution, accessibility and use in specified domains, producing information that informs 

water science, management and governance to support sustainable development outcomes for society 

and the environment (FAO, 2017). The aim of conducting water accounting exercise in a domain, e.g. a 

river basin, is to communicate key information on water in a standardized language to support decision 

making process. Water accounting outputs reveals how water is used across different sectors and help 

shape an understanding of the benefits and existing tradeoffs of the water allocations and use patterns. 

The integrated and cross sectoral presentation of the information in water accounting helps the users to 

see the bigger picture and cross linkages in water management. Thus it is tool to support integrated water 

management approach. 

Several approaches to water accounting have been formulated and used by different international 

organization and initiatives (FAO, 2017; Godfrey and Chalmers, 2012; Karimi et al., 2012). Karimi 

(2014) divides the water accounting methods to general category of flow based and depletion based 

approaches: 

The flow based methods, e,g. UN SEEA-WATER, track actual water flows, i.e. water in streams and 

aquifers, hence cover only blue water. As such direct use of rainfall and green water are often left out in 

these systems. In addition such methods require extensive ground data collection systems. All the 

streams, aquifers, abstraction points, drains, and recharges must be measured in order to complete the 

accounting exercise. This would imply that having an advanced, extensive, and often expensive data 

collection system is prerequisite of water accounting with these methods. Consequently, despite the high 

accuracy and being detailed on blue water flows, it is impossible for many countries to make any 

meaningful use of these systems.  

The depletion based water accounting systems, e.g. IWMI Water Accounting, track net water 

consumption instead of the actual flows. The approach while being strong in capturing water 

consumption resulting from the use of both blue and green water, is unable to report on water abstraction 

and return flows. This limits the scope of usefulness of the approach as it cannot offer any vision to how 

much water is allocated to a use and how much water abstraction has happened. The advantage of the 

method, however, is in being less data intensive and also the fact that it takes rainfall as the starting point 

of accounting rather that blue water. Hence it does not miss on linking water use in natural landscape 

and the water use in the managed section.  

This project uses the Water Accounting Plus (WA+) approach to water accounting. The WA+ (Karimi, 

et al., 2013) combines the depletion accounting method with the flow accounting method. The WA+ 
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methodology is mostly based on public-domain (Remote Sensing) datasets. Its objective is to achieve 

equitable and transparent water governance for all users and a sustainable water balance. The 

“wateraccounting.org”, that is a multi-organizational platform lead by IHE Delft, has adopted WA+ as 

the primary tool to conduct water accounting in many river basin across the globe, e.g. the Nile, 

Helmand, Red river, Litani among many others. More information on WA+ is available at 

www.wateraccounting.org 

Rapid Assessment of the Water Accounts in Urmia Lake Basin 

The Rapid Assessment of the Water Accounts in Urmia Lake Basin project (WA-Urmia) is a sub-activity 

under the FAO led project of “Sustainable Water Resources Management in the Urmia Lake Basin”.   

WA-Urmia aims at applying WA+ in Urmia Lake basin to provide the much needed information on 

water use and supply pattern in the basin. The project focused on two water years of 2013-14 and 2014-

15. A water year in Urmia starts in October and ends in September the next calendar year.

Figure 1.3: Location of Urmia basin and the focus areas in the WA-Urmia project 

The WA-Urmia project consisted of three main components. The first component was focused on 

producing original monthly maps of evapotranspiration for the basin. The second components aimed at 

applying WA+ to the basin as the whole and also to Aji Chai sub-basin, and a cluster of three sub basins 

in south of the lake (Figure 1.3). This cluster included Zarineh-roud, Simineh-roud and Leylan Chai sub 

basins. A simple water balance was produced for a cluster of four sub-basins in west of the lake to satisfy 

the projects objectives. The component three was focused on capacity building in proving an 

understanding of the concept of water accounting and basic principles behind WA+. 

http://www.wateraccounting.org/
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1.2 SPECIFIC OUTPUT & ACTIVITIES 

Outputs. 

I. A set of 250 meter resolution ETact maps for Lake Urmia basin are produced

II. A prototype WA system is developed and demonstrated to relevant national stakeholders

during a stakeholder workshop.

III. Training courses on WA+ (principals and methodology) to selected national water experts from

universities of Tabriz, Urmia, Sharif (and possibly others) are conducted WA+ system for

replication and use by selected national partners (of ULRP) are installed.

Activities. 

I. The satellite images and other open-source available databases on rainfall to calculate the

ET maps for Lake Urmia basin are processed

II. Hydrological modelling required for Water accounting activity for Lake Urmia for

incorporation with water accounts (in coordination with national capacity and expertise) are

assessed

III. Training sessions are organized and the WA+ system is installed for use by national

researchers (partners selected by ULRP)

IV. Quality control data from national sources (including rainfall, river flow) with support from

ULRP are collected

V. Water accounting with interpretation of ET maps (to identify hotspots with excessive water

consumption) is analysed to inform pilot site selection

VI. The project technical task force and field missions are supported, specifically for:

i. Identification of pilot sites identification and pilot field level interventions

formulated (part of scenario development);

ii. Assessment of training needs and issues related to data and ET measurements and

calibration

iii. Blue print for detailed ET maps at 30 m resolution at pilot site level (sub-basin,

irrigation scheme)
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1.3 PROJECT DELIVERY ITEMS 

The project deliverables were divided to three levels, basin, sub-basin and irrigation system levels. 

Below are details of agreed delivery items per each level: 

Delivery Item Provided in: 

Basin Scale: 

a1. Evapotranspiration maps Chapter 2 

a2. Precipitation maps Chapter 3 

a3. Water productivity maps Annex a 

a4. Other maps used in WA+: NDVI, LAI, Soil Moisture, LST, NPP, 

Land use 

Chapter 3 

a5. WA+ Sheets: WA+ sheet 1 and 2 Chapter 3 

Sub-basin Scale: 

b1. WA+ Sheets for Aji Chai: WA+ sheet 1 and 2 Annex a 

b2. WA+ Sheets for Zarineh: WA+ sheet 1 and 2 Annex a 

b3. Water Balance analysis for Western 4 sub-basins as one sub-basin Annex a 

Irrigation system Scale: 

c1. ET over cadastre map Annex b 

c2. ET from irrigation and ET from precipitation over cadastre map Annex b 

c3. ET per land use Annex b 

c4. ET from Irrigation per land use Annex b 
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Chapter 2 

 
Mapping EvapoTranspiration 

in Urmia Lake Basin 

 

 
This chapter elaborates on the methods used for mapping the evapotranspiration in the 

Urmia Lake Basin (ULB), presents the results and investigates the correlations of the output 

ET data with the vegetation index and precipitation pattern over different land use classes. 

The chapter content corresponds with output 1, activity I and delivery items a.1, and relates 

to delivery items c.1, c.2, c.3, and c.4 which are presented in Annex b of the report. 
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2.1 REMOTE SENSING FOR MAPPING ETA 

Spatially distributed actual evapotranspiration (ETa) data is a key input component to the WA+. ETa is 

used to assess and monitor consumptive water use and water withdrawals per domain where water 

accounting is implemented. Measuring ETa on the ground, however, has been proved to be challenging. 

There are tools for in-situ measurement of ETa such as Lysimeters and flux towers, but these ground 

measurements, if exist at all, provide ETa estimates only for a single point or a very small area. Thus, it 

is not possible to create a spatially distributed ETa map for a basin with the inputs from in-situ 

measurements. In addition they are expensive to set up and require regular maintenance visits which 

limits the duration of continuous monitoring. Remote sensing offers an effective alternative in estimating 

ETa primarily using periodic spectral reflectance and thermal data from multiple satellites. The remote 

sensing based solutions are proved to be cost effective, scalable and offer improved accuracy with the 

availability of new processing approaches (Pareeth et al., 2019). Remote sensing technology and its 

applications in the last decades has grown substantially with respect to the spectral and temporal 

resolution (Toth and Jóźków, 2016), open data policies by the agencies and development of algorithms 

to derive accurate land use and geo-physical parameters. Nevertheless optical satellite data is often 

hindered with cloud cover thereby breaking the monitoring routine and limit the use. 

Many studies have shown the potential of remote sensing in estimating water balance and accounting at 

various scales. The advances made in remote sensing technology allows for accurate and repeatable 

estimates of actual evapotranspiration, the actual amount of water that evaporates from the surface and 

transpired by plants if the total amount of water is limited, when used in combination with local weather 

datasets for irrigated land. In many cases, use of remote sensing method to quantify the evaporation, 

returned a more credible result than that of the pan evaporation method applied locally. Karimi and 

Bastiaanssen, (2015) reviewed the accuracy of remote sensing based ET estimates and the results shows 

an overall accuracy of 95% , based on 46 studies that have compared RS based ET with a variety of the 

ground measurements including Lysimeters, field scale surface flux towers, and water balance among 

other methods .  

The review revealed that in particular the Surface Energy Balance Algorithm for Land (SEBAL) 

developed by (Bastiaanssen, 2000; Bastiaanssen et al., 1998a) show very high accuracy levels when 

compared with in-situ data. There has been several implementations of SEBAL, the most recent being 

the python version called PySEBAL developed by IHE Delft’s water accounting group under the 

supervision of Prof. Bastiaanssen. This new open source publicly available version includes automated 

selection of Hot Pixels and Cold Pixels among many other improvements and added key features such 

as separation of E and T and provide bio-physical estimates and soil moisture output maps. PySEBAL 

can be downloaded from GitHub via link: https://github.com/wateraccounting/SEBAL  

This document explains step by step methodology used by the project team in IHE Delft to create 

satellite based gap-free monthly actual evapotranspiration measurement using PySEBAL and advanced 

spatio-temporal interpolation techniques for Urmia Lake Basin. Here we detail an approach to develop 

a gap-free monthly ETa maps for the Urmia Lake Basin in Iran at a spatial resolution of 30m for the 

period October 2013 to September 2015 covering two cropping years from Landsat 7 and 8 satellite 

data. The method include three major steps – i) Generate daily ETa maps from Landsat 7 and 8 scenes 

in the study period ii) Spatio-temporal interpolation using locally weighted regression (LOESS) to fill 

the gaps over time and spline based spatial interpolation to fill the gaps spatially, iii) Land use and season 

based ETa calibration. 
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2.2 DATA 

Satellite data 

We processed all the Landsat 7 and 8 images acquired between 1 October 2013 and 30 September 2015 

to estimate Actual EvapoTranspiration (ETa). Annex D lists the acquisition dates of Landsat 7 & 8 data 

used in this study. The entire Urmia basin is covered in 7 Landsat tiles. This include two tiles from the 

path 167 and 169, plus three tiles from path 168 (Figure 2.1). A total of 626 Landsat scenes were 

processed, out of which 313 were acquired by latest Landsat 8 satellite.  

 

Figure 2.1: Landsat tiles covering Urmia Lake basin 

All the spectral bands including the thermal bands were processed in preparation to apply the SEBAL 

algorithm. The Landsat data pre-processing were performed at a spatial resolution of 30m, in total of 

112 million pixels for each map covering entire Urmia basin (Table 1). Figure 2.2, in the top compares 

the spectral characteristics of Landsat 7 and 8, while bottom lists the different spectral bands, their 

wavelengths and spatial resolution. All the Landsat data were downloaded from Google cloud public 

storage. The data download was automated using the gsutil open source python library 

(https://github.com/GoogleCloudPlatform/gsutil/). Figure 2.3 shows the time line of Landsat 

acquisitions during the study period. 

For example, the command below lists all the L8 data available for path 168/034 and for the month June 

2015: 

$ gsutil ls gs://gcp-public-data-landsat/LC08/01/168/034/LC08_L1TP_168034_201506* 

https://github.com/GoogleCloudPlatform/gsutil/
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And following command copy all the L8 data in June 2015 to the local machine from google cloud 

storage. 

$ gsutil -m cp -r gs://gcp-public-data-landsat/LC08/01/168/034/LC08_L1TP_168034_201506* . 

 

 

 

Figure 2.2: top - Spectral characteristics of Landsat 7 and 8; bottom - Spectral bands, wavelengths 

and spatial resolution of Landsat 7 and 8 (Source: https://landsat.gsfc.nasa.gov/landsat-data-

continuity-mission/)  

 

The major difference between L8 and L7 are the additional two bands with L8 – band 1 and band 9 for 

coastal/aerosol and cirrus respectively. Further the spectral wavelength of Near-Infrared (NIR) and 

SWIR (Short-Wave Infrared ) bands in L8 are narrower than those in L7. We used the Landsat Collection 

1 Level-1 data belonging to the Tier 1(T1) inventory. The Landsat data provided in T1 inventory are 

terrain corrected with well characterized radiometry and are inter-calibrated across different Land sat 

sensors (https://www.usgs.gov/land-resources/nli/landsat/landsat-collection-1?qt-

science_support_page_related_con=1#qt-science_support_page_related_con). As we used the Tier 1 

https://landsat.gsfc.nasa.gov/landsat-data-continuity-mission/
https://landsat.gsfc.nasa.gov/landsat-data-continuity-mission/
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products the first level check on inter-calibration between L8 and L7 is already been taken care, enabling 

us to combine them for ETa mapping. For topography and elevation, we used 30m SRTM from USGS. 

The topography of the Urmia Lake basin varies between altitudes of 1200 m in the lower plains to 3750 

m in the mountainous terrain towards edges of the basin (Figure 2.1).  

For the pre-processing of Landsat data and preparation of spatial meteorological data for SEBAL, we 

used GRASS GIS v7.4.0 (Neteler et al., 2012; Neteler and Mitasova, 2008) software which is an open 

source and available under GNU General Public License (GPL). Some important satellite data 

specifications related to Urmia basin are given in Table 2.1.  

 

Table 2.1: Satellite data specifications for Urmia basin 

Period Oct 2013 – Sept 2015 

Number of Landsat tiles 7 

Unique dates 268 

Total number of Landsat scenes 626 

Number of Landsat 8 scenes 313 

Data size downloaded 460 GB 

SEBAL output 5 TB 

Total number of pixels per scene at 30m 112 million 

Total number of pixels per scene at 250m 1.6 million 

 

 

 

Figure 2.3: Time line of Landsat acquisitions separated by L8, L7 and three paths over the study 

period from October 2013 to September 2015 

 

Meteo data 

For setting up SEBAL model meteo data at the time of satellite data acquisition (instantaneous) and 24 

hour average representing the day of acquisition are required. The meteo data required are listed in Table 

2.2. These data were extracted for the Urmia Lake basin area from NASA Global Land Data 

Assimilation System (GLDAS v2.1) which is an assimilated global data product from satellite and 
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ground based observations (Rodell et al., 2004). GLDAS data is offered at 0.25deg spatial resolution at 

3 hours interval. The instantaneous data corresponding to the Landsat acquisition time was estimated by 

averaging the 6H and 9H outputs, while all the 8 images in a day were averaged to estimate 24 hours 

data representing the day of Landsat acquisition.  

 

Table 2.2: Meteo data and its units used for SEBAL model 

Parameter Symbols Unit 

Downward shortwave 

radiation 

SWdown W/m2 

Wind speed Ws m/s 

Air temperature Tair °C 

Pressure P Mb 

Relative humidity Rh % 

 

To download the GLDAS data we used wget command to fetch data for study period from this url: 

https://hydro1.gesdisc.eosdis.nasa.gov/data/GLDAS/GLDAS_NOAH025_3H.2.1/. 

Following script was used to download daily GLDAS data for the period from October 2013 to 

September 2015 from the above link. 

 URL=”https://hydro1.gesdisc.eosdis.nasa.gov/data/GLDAS/GLDAS_NOAH025_3H.2.1” 

for i in `seq 2013 2015`; do 

wget -r -np -R "index.html*" –user=xxx --password=xxx  ${URL}/${i}/ 

done 

 

The air temperature at 2m is converted from kelvin to °C, pressure is converted from pa to mb (/100), 

while the specific humidity is converted to relative humidity following the approach by (Bolton 1980 

The computation of Equivalent Potential Temperature) 

Following equations demonstrate the conversion of specific humidity to relative humidity: 

𝑒𝑠 = 6.112 ∗ exp((17.67 ∗ 𝑇𝑎𝑖𝑟)/(𝑇𝑎𝑖𝑟 + 243.5)) 

where es is saturation vapour pressure in mb and Tair is air temperature in °C.  

 

𝑒 = 𝑄𝑎𝑖𝑟 ∗
𝑃

0.378 ∗ 𝑄𝑎𝑖𝑟 + 0.622
 

where e is vapor pressure in mb, P is Pressure in mb and Qair is Specific humidity in kg/kg. 

 

𝑅ℎ = (
𝑒

𝑒𝑠
) ∗ 100 

where Rh is relative humidity in %. 

Finally all the GLDAS variables were spatially resampled to 0.0625 Degrees (1km) by applying a 

bicubic spline interpolation to bring variability especially over the lake surface.  All the GLDAS data 

are provided in netCDF format and the processing steps include, i) conversion to Geotiff format and 

https://hydro1.gesdisc.eosdis.nasa.gov/data/GLDAS/GLDAS_NOAH025_3H.2.1/
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importing to GRASS GIS ii) clipping the global data to Urmia Lake basin extent, iii) converting the 

units of air temperature, pressure and relative humidity as explained above iv) developing instantaneous 

and daily average meteo variables and iiv) exporting the processed data to Geotiff format for the 

PySEBAL to read and process. The entire steps are automated using a bash script. 

For quality control we compared air temperature from GLDAS data with the station data collected on 

the ground from 29 weather stations. The comparison, Figure 2.4, shows high correlation between 

GLDAS and the ground observation. Although some differences are expected as station data represent 

a single point whereas GLDAS represent area of a pixel. The advantage of using GLDAS is that the 

spatial distribution of the meteo data is better represented as opposed to using the limited number of 

station data to create spatial maps using statistical methods. 

 

Figure 2.4: Pearson’s correlation coefficient (R) reported between GLDAS daily mean air 

temperature data and 29 weather stations in the Urmia Lake basin (red shows negative R and blue 

shows positive R) 
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Soil data 

Spatially distributed soil hydraulic properties were prepared for the SEBAL model covering the Urmia 

Lake basin. Table 2.3 lists the parameters processed and used in SEBAL. The data is from HiHydroSoil 

(Boer, 2015) database which provides data on the soil hydraulic properties at 1km spatial resolution.  

Table 2.3: Soil hydraulic properties and its units used for SEBAL model 

Parameter Unit 

Saturated soil moisture m3/ m3 

Residual soil moisture m3/ m3 

Field capacity m3/ m3 

Wilting point m3/ m3 

 

Soil data from HiHydrosoil was provided in grid format which were clipped to Urmia Lake basin, 

scaled, and imported to Geotiff format ready to read and process by pySEBAL. 

Following script was used to import HiHydrosoil, clip and apply scale factor. 

## Set the bounds 

ulx=50.7 

uly=36.07 

lrx=51.75 

lry=35.2 

##Unzip the files 

for i in `ls *.7z`; do  

7z x ${i} 

 done 

## clip to bounds and export them to Geotiff format 

for i in `ls *.txt`; do  

out=`echo $i|rev|cut -d. -f2-3|rev` 

gdal_translate -ot Float32 -projwin ${ulx} ${uly} ${lrx} ${lry} -a_srs epsg:4326 ${i} ${out}.tif 

done 

## Apply scaling factor of 10000 

for i in `ls *.tif`; do 

out=`echo $i|rev|cut -d. -f2-3|rev` 

gdal_calc.py -A ${i} --type=Float32 --outfile=${out}_wgs84_scaled.tif --cal="A/10000" 

done 

 

 

High Performance Computing (HPC) in Cloud infrastructure 

To efficiently process this data for a large basin such as Urmia (~52000 km2) we implemented the entire 

processing chain in a super computing infrastructure. We used High Performance Computing (HPC) 

and data infrastructure for science and industry by the Ducth national supercomputing center 

(SURFsara). The entire processing chain was implemented by using multiple open source libraries, for 

handling multi-core jobs, processing satellite data and for applying SEBAL model. The data storage 

requirement was on the higher end (~ 6 TB), hence we also deployed another HPC from a private 

provider (Hetzner) located in Germany to store and feed data to the process chain. HPC cloud offers 

dynamically scalable and fully configurable environment thereby ensuring the free choice of tools by 

the user to deploy for specific tasks. The HPC configurations used for this study are given in Table 2.4.  
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Table 2.4: HPC configuration used in this study 

Processor Intel Xeon 

Number of cores 6 

RAM 256 GB 

Storage 24 TB 

OS Linux 

 

All the spatial and temporal processing were performed in GRASS GIS 7.4.0 software. We compiled 

GRASS GIS with openMP which enables multi-threading using the available cores. The main advantage 

of GRASS GIS is that most of the modules can be deployed in a parallel environment to speed up data 

intensive processes (Figure 2.5). This feature allows the user to run several parallel tasks at the same 

time or one task in different nodes depending on the requirements.  

 

Figure 2.5:  Left - General HPC layout with multiple nodes; Right - Multiple jobs feeding to final 

results (Source: Neteler 2018, GRASS GIS in the sky, FOSDEM) 

 

In this case, we performed multiple tasks at the same time in different nodes. The Landsat processing 

for each path (167, 168 and 169) was performed in different nodes in parallel. Using this set up and 

approach resulted in substantial reduction of the processing time.  

The data processing was, then, divided into three Processing Units (PU) based on the Landsat path and 

row. As explained in the previous section, the entire Urmia basin is covered by 7 Landsat tiles with three 

paths. Since the adjacent tiles in the same path have similar characteristics due to closer acquisition 

times, we chose each path as a processing unit. Thus data for each path were processed in parallel in the 

HPC.  

Figure 2.6 shows the bounding box of the three defined PUs for Urmia basin (refer to Figure 2.1 for 

complete view Landsat tiles covering Urmia basin). Note that PU’s are designed to incorporate 

minimum overlapping “rectangular” area between the respective Landsat path and the Urmia basin. 

While processing in each PU, only those pixels inside the Urmia basin boundary were considered. 
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Figure 2.6: Processing Units (PU) covering Urmia basin; Black box - PU1 covering path 167; Red 

box - PU2 covering path 168; Yellow box - PU3 covering path 169 

An example output of 7 Landsat scenes (7 tiles) acquired in July 2013 are shown in Figure 2.7. Note 

that for a single path, the acquisition dates are the same over multiple scenes, explaining the concept of 

PU. For example, the scenes 168033,168034,168035 share the same acquisition date. 

 

Figure 2.7: Mosaicked false colour composite from three paths acquired on three different dates. Black 

box – path 167; Red box – path168; Yellow box – path169 

Further, entire processing is automated using bash scripts which are scalable and can be replicated to 

another geographic region with minimum changes.  
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2.3 METHODOLOGY 

The developed method for evapotranspiration mapping consists of eight major steps as shown in Figure 

2.7. The data acquisition and preparation part includes downloading all the required datasets and 

spatially clipping them to the Urmia basin (see previous section on Data). Entire data processing were 

carried out in UTM 38N (EPSG:32638) coordinate reference system and at a spatial resolution of 30m. 

The steps as shown in figure 7 can be broadly categorized to Landsat pre-processing, parametrising 

SEBAL model, applying SEBAL model, spatio-temporal interpolation to fill the gaps and develop 

monthly gap-free ETa maps and post calibration of ETa maps.  

The Landsat pre-processing includes i) Radiometric calibration converting at-sensor DN to TOA 

reflectances for optical spectral bands and to brightness temperature for thermal bands, ii) cloud masking 

using quality band provided with the Landsat collection 1 Tier 1 datasets, and iii) patching respective 

tiles in each path to PU’s. Parametrising the SEBAL model includes identifying hot and cold pixel 

threshold and temperature lapse rate usable across all the seasons in Urmia Lake basin, followed by 

running PySEBAL to apply SEBAL using all the Landsat data. The gap-filling part implement a 

temporal interpolation followed by spatial to fill the gaps in monthly ETa maps due to clouds. Post 

calibration of ETa maps include Land use based correction over the urban areas using the corresponding 

NDVI data from the same date of acquisition. All the steps are explained in detail in the following sub-

sections. 

 

 

Figure 2.7: Major components of the workflow 

 

 

Landsat Pre-processing 

The acquired Landsat 7 and 8 data were pre-processed to create cloud masked Top Of Atmosphere 

(TOA) reflectance bands. The pre-processing included conversion from Digital Number (DN) to TOA 

reflectance, cloud removal using the Quality Assessment (QA) band provided along with the data and 

mosaicking the same path tiles (Figure 2.8). 
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Figure 2.8: Workflow for pre-processing Landsat 7 and 8 data, preparing for SEBAL 

 

First step in the pre-processing part was to convert the DN (cell value) into TOA reflectance using 

the below equations. The required parameters to apply the calibration is provided in the 

metadata file of each L8 data.   

𝐫′ = Mi ∗ DN + Ai 

 where 𝐫′is the TOA reflectance without solar elevation angle correction, DN is digital number 

(cell value), Mi and Ai are multiplicative and additive reflectance scaling factors respectively for 

a band i. However rl0 is not corrected for the solar elevation angle, and this correction is applied 

using the below equation. Mi and Ai are provided as REFLECTANCEW_MULT_BAND_n and 

REFLECTANCE_ADD_BAND_N respectively in the metadata. 

𝒓 = 𝐫′/sin𝜽𝒔 

where 𝐫′ is TOA reflectance and θs is the solar elevation angle given in the metadata file. 

The radiometric calibration was performed using pySEBAL as part of the SEBAL run. To remove the 

unreliable pixels due to cloud, we used the QA band provided with the data. The Landsat QA band 

contains 16 bit integers representing certain conditions as shown in Figure 2.9. All the bit 

combinations showing mid to high confidence clouds and cirrus were used to create masks. 

 

Figure 2.9: Quality band provided with Landsat data (source: https://landsat.usgs.gov/qualityband) 

The pre-processing was performed per PU, which means the spectral bands of the tiles in a path were 

processed and mosaicked as explained in the previous section on HPC.   

We used the GRASS GIS module i.landsat8.qc to develop cloud and snow masks for each scene. 

Following script was used to create cloud and snow mask. 

## To be run inside GRASS GIS session: 

SCN=”Landsat_Scene” 

i.landsat8.qc cloud="Maybe,Yes" cloud_shadow="Yes" cirrus="Yes" output=cloud_rules.txt --o 

i.landsat8.qc snow_ice="Yes" snow_ice="Yes" output=snow_rules.txt 

r.reclass input=${SCN}_BQA output=${SCN}_cloud_Mask rules=cloud_rules.txt 

r.reclass input=${SCN}_BQA output=${SCN}_snow_Mask rules=snow_rules.txt 

 

 

 

https://landsat.usgs.gov/qualityband
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SEBAL Model 

SEBAL is a surface energy balance model which uses remotely sensed data to estimate actual and 

potential evapotranspiration rates along with other energy exchanges between land and atmosphere. 

Spectral radiances in the visible, infra-red and thermal range of the electromagnetic spectrum are the 

main input to the SEBAL model (Bastiaanssen et al., 1998b, 1998c). For example, Landsat satellite data 

which provides spectral radiances in the aforementioned spectrum is considered a good choice to apply 

SEBAL model. In this study, data from the Landsat 7 and 8 missions were used as spectral radiance 

input to the SEBAL model. As the satellite data represents an instantaneous time, the outputs were scaled 

to 24 hours. Figure 2.10 shows the workflow for estimating ET from remotely sensed data.  

 

Figure 2.10: Generic workflow of SEBAL using remotely sensed data and land surface models 

 

In SEBAL the instantaneous ETa is calculated based on the surface energy budget as given in the  

below equation. 

𝐿𝐸 = 𝑅𝑛 − 𝐺 − 𝐻 

 

𝐸𝐹 =
𝐿𝐸

𝑅𝑛 − 𝐺
 

where LE is the latent heat flux (W/m2), EF is evaporative fraction, Rn is the net radiation flux 

at the surface, G is the soil heat flux (W/m2) and H is the sensible heat flux to the air(W/m2). 

Figure 2.11 shows the process chain to estimate ETa from remotely sensed spectral data and the GLDAS 

land surface model. From the spectral reflectance of Landsat, vegetation parameters like Normalized 

Difference Vegetation Index (NDVI), Leaf Area Index (LAI) and Albedo were computed for each 

Landsat observation.  

NDVI is calculated using the following equation: 
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𝑁𝐷𝑉𝐼 =
𝜌𝑛 − 𝜌𝑟

𝜌𝑛 + 𝜌𝑟
 

 where ρn and ρr are Landsat NIR and red spectral at-sensor reflectances. 

Vegetation Cover(VC) is computed using the following  equation: 

 

𝑉𝐶 = 1 − (
0.8 − 𝑁𝐷𝑉𝐼

0.8 − 0.125
)
0.7

 

We computed LAI using two approaches and used the average of two approaches as our final LAI 

estimations. The first approach is based on asymptotic relationship between LAI and VC as given in 

the following equation:  

 

𝐿𝐴𝐼1 =
log(−(𝑉𝐶 − 1))

−0.45
 

The second approach is based on the polynomial relation ship of LAI with NDVI as shown in the 

equation below. 

 

𝐿𝐴𝐼2 = 9.519(𝑁𝐷𝑉𝐼)3 + 0.104(𝑁𝐷𝑉𝐼)2 + 1.236(𝑁𝐷𝑉𝐼) − 0.257 

 

The final LAI is then computed as an average of LAI1 and LAI2. 

𝐿𝐴𝐼 = (𝐿𝐴𝐼1 + 𝐿𝐴𝐼2)/2 

 

Surface albedo was computed based on the following equation: 

 

𝛼 =
0.254 ∗ 𝜌𝑏 + 0.149 ∗ 𝜌𝑔 + 0.147 ∗ 𝜌𝑟 + 0.311 ∗ 𝜌𝑛 + 0.103 ∗ 𝜌𝑠𝑤1 + 0.036 ∗ 𝜌𝑠𝑤2 − 𝑃𝑟𝑎𝑑

𝐴𝑇𝑟2
 

 Where ρb, ρg, ρr, ρn, ρsw1, ρsw2 are Landsat 7/8 spectral reflectances in blue, green, red, 

NIR, SWIR1 and SWIR2 wavelengths (see Figure 2.2 ) respectively, Prad (constant of 0.03) is path 

radiance amd ATr is apparent atmospheric transmissivity (0.89) which is used in this equation for 

atmospheric correction of broad band albedo (Bastiaanssen, 2000). 

 

Topographical correction of temperature: 

The temperature map is corrected against altitude using a lapse rate. For Urmia basin we set the lapse 

rate to be 0.085 which means there is a difference of 8.5 K in 1000m height. The temperature map is 

corrected using the SRTM DEM with the following equation: 

𝑇𝑐𝑜𝑟𝑟 = 𝑇𝑠 + 0.0085 ∗ 𝐷𝐸𝑀 

 where Tcorr is the corrected surface temperature in Kelvin, T is the surface temperature 

derived from Landsat thermal data in Kelvin and DEM represents the altitude in meters. 
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Further surface temperature Ts is corrected for the solar incidence angle using the following equation: 

 

𝑇𝑠𝑑𝑒𝑚 = 𝑇𝑐𝑜𝑟𝑟 +
𝐺𝑠𝑐 ∗ 𝑑𝑟 ∗ 𝑇𝑟 ∗ 𝐶𝑜𝑠𝜃 − 𝐺𝑠𝑐 ∗ 𝑑𝑟 ∗ 𝑇𝑟 ∗ 𝐶𝑜𝑠𝜃𝑧

𝐴𝐷 ∗ 1004 ∗ 0.05
 

 Where Gsc is solar constant (1367 W/m2), θ is instantaneous angle of incidence in radians, θz 

is solar zenith angle in radians, dr is relative earth-sun distance in astronomical units and is a function 

of DOY (Day of Year), Tr is Transmissivity and AD is air density. 

Air density is calculated using the equation: 

 

𝐴𝐷 =
1000 ∗ 𝑃𝑎𝑖𝑟

1.01 ∗ 𝑇𝑠 ∗ 287
 

 Where Ts is surface temperature in Kelvin and Pair in kPa/DegC is atmospheric pressure at a 

particular altitude computed using DEM and temperature lapse rate. 

The relative earth-sun distance dr is calculated using following equation: 

 

𝑑𝑟 = 1 + 0.033 ∗ cos (
𝐷𝑂𝑌 ∗ 2𝜋

365
) 

And transmissivity is calculated as follows: 

 

𝑇𝑟 =
RSWin

Ra
 

Where RSWin is instantaneous incoming short wave radiation in W/m2 obtained from meteo 

data and Ra is instantaneous extra-terrestrial solar radiation in W/m2 and computed using the following 

equation with known parameters (Allen et al., 2005) 

 

𝑅𝑎 = 𝐺𝑆𝑐 ∗ 𝐶𝑜𝑠𝜃 ∗ 𝑑𝑟 

 

Net Radiation flux: 

 

𝑅𝑛 = 𝑅𝑆𝑊𝑖𝑛 ∗ (1 − 𝛼) + 𝑅𝐿𝑊𝑖𝑛 − 𝑅𝐿𝑊𝑜𝑢𝑡 − (1 − 𝜀𝑡𝑖𝑟) ∗ 𝑅𝐿𝑊𝑖𝑛 

 Where RSWin is instantaneous incoming short wave radiation in W/m2 from meteo data, α is 

surface albedo, RLWin is instantaneous incoming long wave radiation in W/m2 RLWout is 

instantaneous outward long wave radiation and εtir is thermal infrared emissivity. 

Instantaneous incoming long wave radiation is computed using the following equation: 

𝑅𝐿𝑊𝑖𝑛 = 𝜀𝑎𝑡𝑚𝑜𝑠 ∗ 𝑆𝐵 ∗ 𝑇𝑎𝑖𝑟4 

 Where εatmos is atmospheric emissivity, SB is Stefan-Bolzmann constant (5.670367 × 10-8 kg 

s-3 K-4) and Tair is air temperature in Kelvin obtained from meteo data. 
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Atmospheric emissivity was computed using the following equation (Schuurmans et al., 2003): 

 

𝜀𝑎𝑡𝑚𝑜𝑠 = 0.85 ∗−𝑙𝑜𝑔(𝑇𝑟)0.09 

RLWout and εtir were computed using the following equations 

𝑅𝐿𝑊𝑜𝑢𝑡 = 𝜀𝑡𝑖𝑟 ∗ 𝑆𝐵 ∗ 𝑇𝑠4 

     𝜀𝑡𝑖𝑟 = 1.009 + 0.047 ∗ log(𝑁𝐷𝑉𝐼) 

 

Soil Heat flux (G): 

Soil heat flux is computed using the following equation: 

𝐺 = (𝑇𝑠 ∗ (0.0038 + 0.0074 ∗ 𝛼) ∗ (1 − 0.978 ∗𝑁𝐷𝑉𝐼4)) ∗ 𝑅𝑛 

 Where G is soil heat flux in (W/m2), Ts is surface temperature in Kelvin, α is surface albedo, 

Rn is net radiation. 

 

Sensible heat flux (H): 

Further sensible heat flux is computed using the following equation: 

𝐻 = 𝐴𝐷 ∗ Cp ∗
𝑑𝑇

𝑟𝑎
 

 Where H is sensible heat flux in W/m2 , AD is air density in kg/m3, Cp is air specific heat 

(1004 JKg-1K-1), ra is the aerodynamic resistance to heat transport (sm-1) between two near surface 

heights, z1 and z2, dT in Kelvin is the near surface temperature difference between the two levels z1 

and z2. 

AD is computed using the following equation: 

AD = 1000 ∗ Pair/(1.01 ∗ 𝑇𝑠 ∗ 287) 

 Where Pair is atmospheric pressure in kPa and Ts is surface temperature in kelvin. 

aerodynamic resistance ra is then computed using the following equation: 

 

where 

ra aerodynamic resistance [s m-1], 

zm height of wind measurements [m], 

zh height of humidity measurements [m], 

d zero plane displacement height [m], 

zom roughness length governing momentum transfer [m], 

zoh roughness length governing transfer of heat and vapour [m], 
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k von Karman's constant, 0.41 [-], 

uz wind speed at height z [m s-1]. 

Daily ETa: 

Daily actual evapotranspiration for the day of Landsat acquisition was finally computed from EF 

because the difference between instantaneous value of EF during the satellite overpass time and EF 

derive from 24 hour energy balance is marginal. Following equation was used to estimate ETa24 : 

 

𝐸𝑇𝑎24 = 𝐸𝐹 ∗ 𝐴𝐹 ∗
𝑅𝑛24

𝐿ℎ𝑣 ∗ 1000
∗ 86400000 

 Where EF is evaporative fraction, AF is advection factor, Rn24 is daily net radiation, Lhv is 

Latent heat of vaporization in J/kg. 

Daily net radiation is computed as difference between net shortwave radiation and net longwave 

radiation as shown in below equation:   

 

𝑅𝑛24 = 𝑅𝑛𝑆𝑊24 − 𝑅𝑛𝐿𝑊24 

 Where RnSW24 is net shortwave radiation in W/m2 and RnLW24 is net longwave radiation in 

W/m2 

RnSW24 is computed using below equation: 

 

𝑅𝑛𝑆𝑊24 = 𝑅𝑆𝑊24 ∗ (1 − 𝛼) 

 Where RSW24 is daily short wave radiation in W/m2 provided with meteo data, α is surface 

albedo. 

 

RnLW24 is computed using following equation: 

𝑅𝑛𝐿𝑊24 = 𝑆𝐵 ∗ 𝑇𝑎𝑖𝑟24
4 ∗ (0.34 − 0.14 ∗ 𝑒24

0.5) ∗ 1.35 ∗
𝑇𝑟24
0.45

 

 

 Where SB is Boltzmann’s constant, Tair is air temperature in Kelvin, e24 Saturated vapor 

pressure in KPa, Tr24 is daily transmissivity. 

Detailed explanation of these steps including the equations are provided in. Figure 2.11 shows the 

workflow diagram of SEBAL implementation with key variables taken from (Bezerra et al., 2015). 
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Figure 2.11: SEBAL architecture showing the process chain from Landsat and GLDAS data (source: 

Bezerra et.al., 2015) 

 

SEBAL implementation in python (pySEBAL) 

pySEBAL is a new python implementation of SEBAL model developed by the Water Accounting group 

in IHE Delft. pySEBAL is a modular implementation of SEBAL model (as shown in Figure 2.11) in 

python where a set of input data including spectral, atmospheric, soil and topographic data are provided 

to estimate the surface energy parameters. The outputs include parameters related to vegetation, energy 

balance, biomass and evapotranspiration. The pySEBAL library is provided as an open source library 

with Apache version 2 license in a git hub repository. The python implementation facilitate automation 

of the entire process including estimation of the hot and cold pixel from a satellite scene. Currently 

pySEBAL supports spectral radiances from MODIS, Landsat, Proba-V with thermal data from VIIRS. 
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The main advantage of pySEBAL is that it can be run with minimum inputs from the user. We used 

pySEBAL version 3.3.7.1 for this study. The library was adapted to Linux environment as the official 

version supports only windows. The library was installed in the HPC cloud to run SEBAL on pre-

processed Landsat data. The data from GLDAS, HiHydrosoil and SRTM DEM were clipped to Urmia 

basin in WGS 84 CRS. We ran pySEBAL on each Landsat observation over each PU. Due to the large 

size of PU and intensive computations especially for the path 168, pySEBAL being memory demanding, 

running parallel jobs in HPC could save time substantially over hundreds of Landsat scenes we 

processed. For a single run on PU2, in HPC it took 30 minutes, while on a 16GB RAM laptop with 

windows it took around 90 minutes or gave memory error. 

 

Figure 2.12: Simple schematic diagram showing inputs and outputs of pySEBAL 

 

Figure 2.12 shows schematic diagram with inputs as explained in the previous sections and output 

folders after a single run over a PU. Each folder as the name suggests has output files in GeoTiff format, 

which we can further use for analysis. For example the ETa (mm/day) corresponding to the acquisition 

date of Landsat is stored in the folder “Output_evapotranspiration”. 

Local calibration of the SEBAL model 

To estimate Sensible heat flux (H), one of the key parameter is dT, which is representational difference 

in temperature between two near surface heights of the region under study. This is executed using a set 

of cold and hot pixels identified in the study region. dT has to be locally calibrated in order to get the 

optimum results from SEBAL. In PySEBAL cold pixels is identified using the distribution of surface 

temperature estimated from the Landsat thermal data, while hot pixels are identified using the 

distribution of NDVI. Cold pixels are generally taken over waterbodies or crop area with grown 

vegetation.  

For Urmia, we used two sets of hot and cold pixel thresholds for summer and winter seasons. For Landsat 

scenes acquired in winter (October to March) we set the minimum and maximum threshold for cold 

pixels to be 285 K and 305 K respectively after examining histogram of scenes acquired in this period. 

While we used NDVI thresholds of 0.03 and 0.12 for winter months. Similarly for scenes acquired in 

summer (April to September) we set the minimum and maximum thresholds for cold pixels to be 308K 

and 315K respectively. We used NDVI thresholds of 0.03 and 0.20 for summer months. Figure 2.13 

shows an example of detected cold and hot pixels from Landsat 8 images.  
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Figure 2.13: Cold and Hot pixels detected by pySEBAL on Landsat 8 image acquired on 7 Dec 2015 

Further we calibrated the SEBAL model by conducting a model performance analysis using water 

balance obtained from river discharge data and making parameter adjustment. This was done after 

obtaining the monthly gap-filled ETa maps following the approach explained in the sections below. 

 

Reference ET 

Reference ET for grass was calculated using the Penman-Monteith approach following the equations 

given below (source: http://www.fao.org/docrep/X0490E/x0490e06.htm). 

 

where Rn is the net radiation, G is the soil heat flux, (es - ea) represents the vapour pressure deficit of the 

air, r a is the mean air density at constant pressure, cp is the specific heat of the air, D represents the slope 

of the saturation vapour pressure temperature relationship, g is the psychrometric constant, and rs and 

ra are the (bulk) surface and aerodynamic resistances. 

Reference ET is then converted to daily (24 hours) using the equation below: 

 

𝜆𝐸𝑇_24 =
𝜆𝐸𝑇

𝐿ℎ𝑣 ∗ 1000
∗ 86400000 

 where λET_24 is reference ET in mm/day, Lhv is latent heat of vaporization (J/kg) 

http://www.fao.org/docrep/X0490E/x0490e06.htm


31 | P a g e  
  

The transfer of heat and water vapour from the evaporating surface into the air above the canopy is 

determined by the aerodynamic resistance: 

 

where 

ra aerodynamic resistance [s m-1], 

zm height of wind measurements [m], 

zh height of humidity measurements [m], 

d zero plane displacement height [m], 

zom roughness length governing momentum transfer [m], 

zoh roughness length governing transfer of heat and vapour [m], 

k von Karman's constant, 0.41 [-], 

uz wind speed at height z [m s-1]. 

Bulk surface resistance is calculated using the equation: 

 

 where rs bulk surface resistance (s/m), rl is bulk stomatal resistance of the well illuminated leaf 

(s/m), LAIactive is the active leaf area index. 

We down-sampled the reference ET maps by resampling the wind speed data from GLDAS. The wind 

data which was originally in 0.25 degrees resolution was resampled to 1 km using spline interpolation. 

This increased the variability in the reference ET map and removed “BOX” effects due to coarse 

resolution inputs.  
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Gap-filling of ETa maps 

After running pySEBAL for all the Landsat scenes per PU’s, we then further processed 24 hours ETa 

maps to develop seamless mosaics to cover Urmia basin.  For every month, Landsat had 4 observations, 

two from Landsat 7 and two from Landsat 8, 16 days being re-visit time of both the satellites. So we can 

have up to 12 observations per month over 3 PU’s, but often this is not the case due to heavy cloud cover 

in the region especially during winter season. We incorporated all the scenes from Landsat 7 and 8, in 

order to increase the probability of having maximum valid pixels over a year. The following sections 

explain step by step details on how we implemented a spatio-temporal gap-filling approach to prepare 

gap-free monthly ETa months. 

Patching the ETa maps over a month: 

ETa maps estimated from all the Landsat data per month were patched together using the mean operator. 

To elaborate the workflow, let us consider the month of October in 2014. Table 2.5 lists the available 

Landsat data for each PU (path) for October 2014. Similarly for each month in the two crop years from 

October 2013 to September 2015, we have upto a maximum of 12 observations. 

Table 2.5: List of Landsat 7 and 8 data available and processed for the month of October 2014. 

 Landsat 7 Landsat 8 

PU1(path 167) 02-10-2014 

18-10-2014 

10-10-2014 

26-10-2014 

PU2(path 168) 09-10-2014 

 

01-10-2014 

17-10-2014 

PU3(path 169) 16-10-2014 08-10-2014 

24-10-2014 

 

Figure 2.14 shows the individual 10 ETa maps estimated from Landsat acquisitions of October 2014 for 

the three PU’s. These 10 maps were then aggregated and clipped to Urmia basin (see Figure 2.14). The 

monthly ETa maps were then converted from mm/day to mm/month by multiplying each map by number 

of days in corresponding month. The remaining gaps were then filled using a temporal interpolation as 

explained in the next section. 

Following script inside a GRASS GIS session was used to patch the individual ETa maps using mean 

function and convert daily to monthly maps. 

 

## Importing all the individual ETa maps(SEBAL output) to GRASS GIS mapset 

PTH="167/168/169" 

INDIR="/path/to/path" 

cd ${INDIR} 

g.region vect=Urmia_bdry res=30 -a 

for i in `ls -d *`; do 

 cd ${INDIR}/${i}/Output_evapotranspiration 

 eta1=`ls *ETact_24*.tif` 

 eta2=`echo ${eta1}|cut -d. -f1` 

 SEN=`echo ${eta2}|cut -d_ -f1` 

 yy=`echo ${eta2}|cut -d_ -f6` 

 dy=`echo ${eta2}|cut -d_ -f7` 

 doy=`echo ${dy}|printf "%03d" $dy` 

 mm=`doy2date ${yy} ${doy}|cut -d- -f2` 

 dd=`doy2date ${yy} ${doy}|cut -d- -f3` 
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 etaout="ETa_${SEN}_SEBAL_GLD1_${yy}_${mm}_${dd}" 

 r.in.gdal in=${eta1} out=${etaout} band=1 --o 

done 

for i in `seq 1 12`; do  

mm=`echo ${i}|printf "%02d" $i` 

r.series input=ETa_${i}_${yy}_mm_day output=ETa_${i}_$(yy)_mm_month method=average  

done 

 

 

Figure 2.14: Individual ETa maps from October 2014; the last block shows the aggregated ETa map 

for the same month 
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Temporal interpolation using Local Weighted Regression (LOESS): 

The temporal gap filling was based on LOESS which calculates missing values and outliers. For each 

time series observation (pixel) in the map, a polynomial model is computed using a set of neighbouring 

pixels in time dimension. Then this model is applied to the respective time frame to estimate the values. 

Distance based weight is applied to the values in such a way that the observation farther away in time 

gets lower weights. All the observations in the time series are interpolated, as long as there were enough 

non-null observations. To keep the interpolated values within the seasonal limits, we used a condition 

where up to a minimum gap of 3 in the time series were interpolated. A polynomial function of the order 

2 and a degree of determination (DOD) of 5 were used for the interpolation. As a rule for reconstruction, 

the model takes into account 8 values (DOD + 1 + Polynomial order) around the current observation. 

The weight function used for LOESS was Tricube which determines the influence of neighbouring 

values in time to the current observation. High and low outliers in model fitting were ignored and 

extrapolation was avoided where the time series starts with a null. The remaining gaps after the temporal 

interpolation using the minimum gap condition were filled using spatial interpolation explained in the 

next section. Figure 2.15(b) shows the ETa map for October 2014, after the temporal interpolation. The 

black circles highlights the remaining gaps after LOESS interpolation. 

Following script inside a GRASS GIS session was used temporal interpolation using LWR. 

## Apply LWR to monthly averaged maps 

r.series.lwr -l -h -i file=nmwp.txt suffix=_lwr order=2 weight=tricube range=0,inf fet=0.5 dod=3 maxgap=3 --o 

 

Spatial interpolation using spline: 

Due to the insufficient valid observations in the time series meeting the LOESS conditions there were 

remaining gaps. These gaps were then reconstructed using bicubic spline interpolation applied spatially. 

This step is applied only to the NULL pixels using the neighbouring valid pixels, which means the 

observations were kept unchanged. Bicubic spline interpolation is a 2 dimensional approach to the linear 

spline. In this case, neighbouring 16 pixels are used to interpolate the null pixels using a cubic function 

in a moving window. For each pixel, the interpolation take into consider the function itself, the gradients 

determined by one-dimensional splines and the cross derivatives. The values of the function and the 

derivatives are reproduced exactly at the pixels and they change continuously with the moving window 

crossing one pixel to another. The bicubic approach ensures the continuation of derivatives to the 

adjacent grids thereby reducing the artefacts. Figure 2.15(c) shows the same ETa map of October 2014 

after bicubic spline interpolation. Figure 2.16 shows the interpolation results over two points 

representing irrigated and non-irrigated area. The figure clearly demonstrate the removal of outliers by 

smoothening over time and filling the gaps. 

Following script inside a GRASS GIS session was used for spatial interpolation using Spline. 

for i in `cat filenames.txt`; do  

r.fillnulls input=${i} output=${i}_fillnull method=bicubic npmin=600 segmax=300 –o 

done 
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Figure 2.15: Monthly ETa map for the month October 2014 a) after aggregation of individual ETa 

maps b) After LWR interpolation c) gap-filled ETa monthly map after spatial interpolation; red circles 

shows the gaps due to clouds 

 

 

Figure 2.16: Plot showing before and after spatio-temporal interpolation a) over an irrigated area; b) 

over a non-irrigated area 

  

a) b) c) 
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Cloud cover prevalence over months:  

The temporal and spatial interpolation approach were able to fill the   gaps due to cloud cover over 

monthly maps. We analysed the cloud cover variation after each step in the gap-filling procedure and 

found that, the approach by combining Landsat 7 and 8 data substantially reduce the cloud coverage 

when aggregated to monthly maps. After monthly aggregation of all the individual ETa maps the 

maximum cloud cover was 70% over entire Urmia and 7 tiles in January 2014 followed by 42% cloud 

in January 2015. After LWR interpolation majority of the gaps in the winter months were reduced to 

less than 10%, while all the summer months were completely gap-filled (see Figure 2.17).    

 

 

Figure 2.17: Variation in cloud cover in monthly ETa maps after mean aggregation and LWR 

interpolation       



Final monthly and annual ETa maps: 

The aforementioned post processing approach were applied to all the months from October 2013 to September 

2015. The monthly aggregation of individual ETa maps per month using mean operator followed by temporal 

and spatial interpolation were extended to all the months. After the gap-filling process applied to all the 

monthly maps from October 2013 to September 2015, we aggregated the monthly maps to create annual maps 

(mm/year) for the years 2013/2014 and 2014/2015 (Figure 2.18).  

Following commands inside grass gis section were used to create annual ETa maps: 

 

r.series file=maps_2013_14.txt output=ETa_SEBAL_2013_14_mm_year method=sum 

r.series file=maps_2014_15.txt output=ETa_SEBAL_2014_15_mm_year method=sum 

 

Figure 2.18: Gap-filled Annual ETa map of the Urmia Lake basin 

 

Monthly ETa maps over entire basin and clipped to Ajichai, Zarineh subbasins and Miandoab irrigation 

scheme are provided in Annex c. 

 

 

 

 

 

 

 

 

2013-14 2014-15 
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2.4 CORRELATION ANALYSIS AND VALIDATION 

Remote sensing based ETa estimations need to be validated ideally against field measurements from the study 

area. There are number of field based setups such as Eddy flux towers, bowen ratio setups which can be used 

for this purpose. We found that studies done on similar semi-arid regions reported high accuracy estimates 

from validation of RS based ETa maps (Mutti et al., 2019). For Urmia basin during the study period from 

October 2013 to September 2015, there were no field based ETa measurements available to validate the ETa 

maps. In the absence of field based measurements we conducted analysis looking at time series evolution of 

water use over particular land use types and analysing ETa response to bio-physical parameters like NDVI and 

LST. 

We investigated monthly ETa behaviour in two irrigated land use class, irrigated wheat and barley vs orchards, 

and two non-irrigated land use class, rainfed vs rangeland, to assess the capability of the monthly ETa maps in 

capturing the seasonal dynamics of water consumption. We observed that in both cases the ETa values well 

captured variations over summer and winter season (Figure 2.19). Other land use types were also within the 

acceptable range and matched with other published values (Taheri et al., 2019). They reported an average ET 

of 736 ± 42 mm for the irrigated agriculture in the basin in 2014, the average ET for irrigated agriculture in 

our assessment was 696 mm. For the Miandoab irrigation scheme, while they report an annual ET of 777 ± 48 

for 2014, we estimate an average annual ET of 738 mm.  

 

 

Figure 2.19: Monthly ETa in Irrigated wheat and Orchards 

 

In the irrigated wheat and barley class that mostly represent winter crops the ETa starts peaking in April and 

declines gradually by late June. This matches well with the cropping calendar for winter wheat and barley in 

the region. In class orchards ETa showed peak values during summer months (May to Aug) and lower values 

were observed from September onwards and in the winter season. As expected the water consumption by 

Orchards were much higher than irrigated wheat (Taheri et al., 2019). 
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Figure 2.20: Monthly ETa non-irrigated landscape – Rangeland and Rainfed agriculture 

 

The non –irrigated land use types naturally showed much lower ETa compared to the irrigated classes. The 

peak ET was observed in months of May (Figure 2.20) at an average value of about 2 mm/day for rainfed crops 

and 1.5 mm/day for rangelands. The rangeland and rainfed classes are dependent on rainfall hence ET starts 

declining earlier than the irrigated landscape.  The ETa maps are able to differentiate the water use dynamics 

of rangeland and rainfed with former showing lower range of ETa values than the rainfed agriculture as 

expected. 

 

ETa and NDVI relation 

Remote sensing based ETa mapping in many studies is performed by establishing direct empirical relation 

between NDVI and crop coefficient (Kc) instead of solving surface energy balance equitation (Glenn et al., 

2011; Hunsaker et al., 2003; Kamble et al., 2013). Hence, investigating relation between ETa values derived 

from SEBAL and the independent NDVI values directly acquired from satellite offers can offer strong 

validation possibility. It is expected that ETa and NDVI show a general correlation which could be stronger in 

land use classes that are typically have higher vegetation growth such as orchards and summer crops. Figure 

2.21 shows the maximum annual NDVI in Urmia Lake basin for the two accounting year. The areas in darker 

green shades are those that have had higher vegetative growth. The irrigation schemes. e.g. Miandoab and 

Urmia, can be clearly distinguished as they have highest max NDVI. It is notable that some mountainous areas 

spatial in the north eat corner have fairly high max NDVI values which suggest significant vegetative coverage 

for at least part of the year.    

 



40 | P a g e  
  

 

Figure 2.21: Max NDVI in Urmia Lake basin over the study period  

 

Hence we performed correlation analysis between monthly ETa and NDVI over entire Urmia Lake basin 

except the water bodies. The comparison showed strong correlation between the estimated ET and NDVI with 

a reported R2 of 0.88 (Figure 2.22). The linear relationship between ETa and NDVI over all the land use types 

demonstrate the vegetation growth with increasing availability of water. The vegetation indices from multi-

spectral satellite data can well describe the vegetation growth and thereby can explain the water use trend. This 

is the basis of estimating ETa by computing crop coefficients (Kc) from vegetation indices. In this study we 

used SEBAL to estimate ETa which uses an energy balance approach rather than depending on crop 

coefficients and vegetation indices. Hence the expected response of ETa to the vegetation growth as shown by 

NDVI would give us quality assurance of the developed monthly ETa maps.  

 

 

Figure 2.22: Monthly ET-NDVI relation over the study period  

 

 

2013-14 2014-15 
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We further investigated the relationship between ETa and NDVI over irrigated summer crops, orchards and 

rangeland separately (Figure 2.23).  

 

  

 
Figure 2.23: Monthly ET-NDVI relation in three land use types over the study period 

 

In the rangeland we observed similar linear relationship between ETa and NDVI as in entire Urmia Lake basin, 

with reported R2 of 0.90 and positive slope closer to that reported in the earlier linear model. Rangeland being 

the most dominant land use type covering more than half of the study area, the similarity is expected which 

also means that this land use type contributed most to the established model for entire Urmia basin. This finding 

reiterate the need of breaking the analysis per land use type to observe the vegetation growth to ETa response 

per land use. For irrigated landscapes such as orchards and irrigated summer crops seasonal prevalence of 

evaporation and transpiration play key role in formulating the relationship between ETa and NDVI. We 

observed an exponential relationship between ETa and NDVI with higher R2 of 0.93. The models reveal that 

the vegetation growth in these land use types are not limited to availability of water. During winter months 

and beginning of the growing season, we observed a rapid response of vegetation growth with lower ETa 

values with prevalent contribution from evaporation. After the vegetation growth is matured (corresponding 

to NDVI value of 0.43 and ETa of 60mm), the response become slow which require much more water to attain 

rest of the growth which are provided by irrigation.  
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ETa and LST 

Further we did a correlation analysis between ETa and LST over all land use types for the months April, May 

and June which revealed a linear relationship with negative slopes (Figure 2.23). It is expected that in a similar 

time frame higher ET values to be associated with lower LST values. This is the principal behind the hot and 

cold pixel and dT slope. Hence comparison of ETs values of the final product with the directly measured LST 

could also provide an insight into quality of the processed ET values.  

The results of comparison showed in the month of April there is a strong relationship with a reported R2 of 

0.90 and a slope of -7.6.  It demonstrate how higher ETa inversely relate to LST over all the land use types. 

We observed that for the months of May and June the relationship becomes weaker with R2 of 0.82 and 0.59. 

The main reason is that ET from the summer crops and orchards during the warmer months is driven by the 

vegetation growth and transpiration process instead of soil temperature and evaporation. This is evident from 

the strong ET-NDVI relation (R2> 0.93) for these two classes shown in the previous section. The four points 

standing out in the plots in Figure 2.24 represents irrigated summer crops and orchards for two years and as it 

can be observed as we move to warmer months they show a different behaviour than other land use type 

classes. 

 

  

 
 

Figure 2.24: ET-LST relation in months of April, May and June for all land use types 
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ETa and P 

The monthly ETa and Precipitation (P) were compared to analyse the underlying drivers of the trend. Figure 

2.25 shows the time series of ETa and P over the two crop years from October 2013 to September 2015. The 

rainfall during the second cropping year (mean rainfall of 358.9 mm) was greater than the previous year (mean 

rainfall of 297.9 mm). It also reflects in the estimated ETa with higher average reported in the second year 

(358.9 mm) than first year (314.7 mm). There was extremely high rainfall events reported in the month of 

October 2014 (95 mm) which also triggered the higher ETa range in the second cropping year. 

 

Figure 2.25: Monthly P and ET variations in Urmia Lake basin 

The higher ETa values reported during the summer months from April to September in both cropping years 

were contributed by the irrigation events and evaporation from water bodies. To understand further the land 

use based dynamics of ETa and P, we extracted key statistics based on land use types.  

 

 

Figure 2.26: Average 2-year P and ET over different land use classes 
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The results of this analysis showed that over the two years highest ETa (except water land use types) of 800 

mm was reported for the summer irrigated crops land use type and followed by orchards with reported average 

ETa of 751 mm. Higher ET in summer crops compared to orchards could be attributed to inclusion of young 

orchards in this land use class and also the fact that orchards besides irrigation schemes are present in the 

valleys in the vicinity of surface streams throughout the basin where irrigation is not as intensive as in the 

schemes. The lowest average ETa of 199 mm was reported for the barren land. The land use based ETa and P 

estimates over the study period are given in Table 2.6 and illustrated in Figure 2.26. Agriculture related land 

use types were reported to have highest ETa over the study period as expected. The developed monthly ETa 

maps were able to show seasonal dynamics especially in the irrigated area. It demonstrate the usability of such 

maps in comparison with rainfall to give us an overall account on critical water availability versus water 

consumption over managed landscapes and water deficit. The spatial distribution of monthly ETa in Urmia 

basin and water deficit maps (P-ET) are shown in chapter 3. 

 

 Table 2.6: Average 2-year annual precipitation and evapotranspiration in Urmia Lake basin 

 

 

 

 

 

 
 

 

 

  

Land use class 
P 

(mm/year) 
ET 

(mm/year) 

Irrigated wheat and barley 314 449 

Irrigated summer crops 286 800 

Orchard 317 751 

Rainfed agriculture 339 317 

Fallow 322 251 

Barren land 267 199 

Rangeland 346 273 

Natural water (at least 3 months) 247 731 

Natural water (at least 6 months) 337 985 

Man-made water (at least 3 months) 263 1096 

Man-made water (at least 6 months) 348 1167 

Built-up  297 286 

Salt land 254 247 
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Chapter 3 

 
Water Accounting Plus 

application in Urmia Lake Basin 

 

 
This chapter explains Water Accounting Plus (WA+) procedure and presents the results of WA+ for 

the ULB. The chapter content corresponds with output 3, activity II, V and delivery items a.5, it 

relates to delivery items b.1, b.2, and b.3 which are presented in Annex a. of this report. 
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3.1 BACKGROUND: 

 

Water Accounting aims at providing key information with a standardized language in regard with water in a 

given domain. The domain can be a river basin, a sub-basin, an irrigation scheme or an agricultural field. 

Typically basin level water accounting outputs are meant for various groups of users including, but not limited 

to, policy makers, water authorities, managers, etc. Whereas the outputs for smaller geographical units can be 

used by local stakeholders such as irrigation board or farmers to improve water management, decrease water 

consumption and increase water productivity at their domain of interest. In general, water accounting assess 

the trends in water supply and water consumption over space and time to determine the extent to which the 

current use of water resources require changes. Water accounting maps out where water is consumed and can 

identify hot spots where there is excessive water use and where remedial action could be taken.  

For the purpose of water accounting the “Sustainable Water Resources Management in the Urmia Lake Basin” 

project has adapted the Water Accounting Plus (WA+) tool. The WA+ framework is based on the early WA 

work of (Molden, 1997) focussing on agriculture and irrigation systems. WA+ was further developed by 

(Karimi, 2014; Karimi et al., 2013) for river basin analyses and incorporating of all water use sectors. Water 

accounting + enables monitoring of consumptive water use (ET) using remote sensing data. WA+ uses ET 

maps to measure consumptive use of water, land-use/land cover map (cropland, rangeland, bare, forest, urban, 

water) to understand where water is used, and precipitation to realize water availability. WA+ can be applied 

at different scales from the basin to field level. WA+ has many advantages including using data from open-

access databases and open source software (to keep down costs of upscaling). 

At the basin level the WA+ will, among others, help to: 

1- Fill the information gap on water  

2- Understand trends in water availability, supply and consumption  

3- Assess productivity of water consumption 

4- Support decision making in terms of identifying possible large scale solutions and conduct water 

impact analysis for any large scale proposed policies and interventions  

Four main categories of land and water uses are distinguished in the WA+ based on their management regimes: 

• Protected Land Use (PLU); areas that have a special nature status and are protected by National Governments 

or Internationals NGO’s. Typically no water development projects area allowed in this land use category.  

• Utilized Land Use (ULU); areas that have a light utilization with a minimum anthropogenic influence. The 

water flow is essentially natural and it is not managed by humans. 

• Modified Land Use (MLU); areas where the land use has been modified. Water is not diverted nor managed 

but the human induced changes in land use affects all unsaturated zone physical process such as infiltration, 

storage, percolation and water uptake by roots; this affects the vertical soil water balance 

• Managed Water Use (MWU); areas where water flows are regulated and managed fully by humans via 

irrigation canals, diversions, hydraulic structures, utilities, drainage systems, ponds etc. 

The WA+ also separates green and blue water resources (all categories utilize green water; several of them 

also blue water). WA+ includes thus the hydrology of natural watersheds that provide the main source of water 

in streams and aquifers. The output of WA+ exists of a number of fact sheets and supporting spatial maps. 

Remote sensing, GIS and spatial models form the core methodology, hence almost all the data has a spatial 

context. The accounts are prepared monthly and are reported on an annual basis, as WA+ is meant for longer 

term planning (not for daily decision making). For simplicity, we show in this report only the annual accounts. 
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Figure 3.1: Map of areas where water accosting was performed  

WA+ in this study to Urmia basin as a whole and also to Aji Chai sub-basin, and a cluster of three sub basins 

in south of the lake. The basin scale WA+ application excluded the lake area. In this way the outflow from the 

area covered in WA+ is comparable with the total inflow to the lake.   

This cluster of the three southern sub-basins included Zarineh-roud, Simineh-roud and Leylan Chai sub basins. 

A simple water balance was also performed for a cluster of four sub-basins in west of the lake to satisfy the 

projects objectives. The component three was focused on capacity building in proving an understanding of the 

concept of water accounting and basic principles behind WA+. In this chapter WA+ methodology and data is 

discussed and the results of the basin level WA+ are presented and discussed. The sub basin level outputs of 

the WA+ are included in Annex a. 

 

 

 

 

 

 

 

 

 



48 | P a g e  
  

3.2 WA+ APPROACH: 

 

Application of the WA+ involves 3 major steps. As schematized in Figure 3.2,  WA+ implementation steps 

include 1) Collecting, generating and preparing the input data, 2) Running WaterPix Model, and 3) 

Production of the WA+ fact sheets. 

 

 

Figure 3.2. Steps for WA+ application 

 

The WA+ input data used for water accounting in Urmia is explained and presented in section 3.3. Here in 

this section we introduce WaterPix and the WA+ fact sheets used for Urmia Lake Basin water accounting 

study. 

 

Water Pix: 

WaterPix is a vertical water balance model that performs pixel-based analysis to calculate water balance 

components (Figure 3.3). WaterPix acts as a hydrological engine in WA+ that connects depletion based data 

layers, e.g. ET, to the physical water flows layers, e.g. diversions and abstractions, that are behind processes 

that lead to depletion. By solving water balance equation WaterPix calculates components such as runoff, 

supply, and recharge at every pixel independently in a given domain.   

 

 

Figure 3.3: WaterPIX workflow 

Input data prepartion
Running WaterPix model and 

calibration
Creating WA+ fact sheets and 

maps.
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Figure 3.3 shows the workflow of the WaterPix model. WaterPix makes distinction between the Green ET and 

the Blue ET based on Budyko principle. Green ET (ETg) refers to the portion of ET that is resulting from the 

direct rainfall in the pixel, and Blue ET (ETb) refers to the portion of ET that is resulting from an external flow 

coming into the pixel through both natural and human induced processes. A pixel is considered green pixel 

when ETb is zero. This implies that direct rainfall is the only source for ET throughout the entire year, and that 

no external water has entered to the pixel. It must be noted that Blue ET is not restricted only to pixels that are 

subject to human intended processes. Blue ET, besides diversion and abstractions, can be caused by natural 

flow of water in the landscape. For example Blue ET happens in flooded natural landscapes, in the natural 

areas in the foothills, or in the groundwater dependent ecosystems. Hence not all the natural pixels are 

classified as green pixel.  

 

 

Figure 3.4: Water balance components in WaterPix model. Δperc and ∆sro also called incremental 

percolation and incremental runoff are the additional percolation and runoff at the pixel caused by the 

supply. 

Green Pixels: 

For green pixels, the assumption is made that on a yearly basis there is no significant change in ground water 

storage. This translates to the following equation: 

𝑃 = 𝐸𝑇 + 𝑆𝑅𝑂 + 𝐵𝐹 +∆𝑆𝑀 

The change in soil moisture storage (ΔSθ) is computed as a function of ASCAT Soil Water Index (SWI) data, 

root depth (Rd, land use dependent) and leaf area index (LAI). First the root zone soil moisture of the first day 

of the month (𝜃𝑜𝑟𝑧) is calculated as follows: 

𝜃𝑜𝑟𝑧 = (0.1 ∗ 𝐿𝐴𝐼 + (1 − 0.1𝐿𝐴𝐼) ∗ 𝑒
𝜃𝑜

𝜃𝑆𝐴𝑇
∗(−0.5∗𝐿𝐴𝐼−1)

) ∗ 𝜃𝑠𝑎𝑡 

    

where 𝜃0 is the soil moisture of the first day of the month, calculated as: 

𝜃0 =
𝜃𝑠𝑎𝑡 ∗ 𝑆𝑊𝐼𝑜

100
 

And 𝜃𝑠𝑎𝑡 is the saturated soil moisture content that is taken from HiHydroSoil (De Boer, 2016). 

Similarly, root zone soil moisture for the last day of the month (𝜃𝑥𝑟𝑧 ) and for the monthly average are 

computed. ΔSθ then becomes (Bastiaanssen et al., 2012): 

∆𝑆𝜃 = 𝑅𝑑 ∗ (𝜃𝑥𝑟𝑧 − 𝜃𝑜𝑟𝑧) 
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Surface runoff is computed based on a modified version of SCS flow equation (Schaake et al., 1996; 

Choudhury & DiGirolamo, 1998) and the base flow is estimated as a function of surface runoff and runoff 

ratio: 

𝑆𝑅𝑂 =
(𝑃−𝐼)2

𝑃−𝐼−𝐼𝑛𝑓𝑧∗(𝜃𝑠𝑎𝑡−𝜃𝑟𝑧)
  

𝐵𝐹 =
(1−𝑄𝑟)

𝑄𝑟
∙ 𝑆𝑅𝑂   

The only unknown in the initial water balance equation (𝑃 = 𝐸𝑇 + 𝑆𝑅𝑂 + 𝐵𝐹 +∆𝑆𝑀) is then the infiltration 

depth, Infz, which is solved for numerically on a yearly timescale. 

SRO and BF are then determined on a monthly basis by plugging in the yearly Infz value. 

Percolation is then also calculated on a monthly basis as:  𝑝𝑒𝑟𝑐 = 𝑃 − 𝐸𝑇 − 𝑆𝑅𝑂 −∆𝑆𝑀  

 

Determination of additional parameters for blue pixels: 

The basic assumption for the blue pixels is that the runoff and percolation behaviour can be derived from that 

of neighbouring green pixels.  

Infiltration depth for blue pixels is interpolated from the values obtained for green pixels. 

Percolation is assumed to be a function of root depth soil moisture as per the following equation: 

𝑝𝑒𝑟𝑐 = 𝑎 ∙ 𝜃𝑏 

Where a and b are parameters determined based on the percolation values obtained for the neighbouring green 

pixels. 

 

 Blue Pixels: 

For blue pixels, the “green” components of the water balance are first computed using similar equations as for 

green pixels.  

𝑆𝑅𝑂𝑔𝑟𝑒𝑒𝑛 =
(𝑃 − 𝐼)2

𝑃 − 𝐼 − 𝐼𝑛𝑓𝑧 ∗ (𝜃𝑠𝑎𝑡 − 𝜃𝑟𝑧)
 

𝑝𝑒𝑟𝑐𝑔𝑟𝑒𝑒𝑛 = 𝑃 − 𝐸𝑇 − 𝑆𝑅𝑂𝑔𝑟𝑒𝑒𝑛 −∆𝑆𝑀 

∆𝑝𝑒𝑟𝑐 = 𝑝𝑒𝑟𝑐 − 𝑝𝑒𝑟𝑐𝑔𝑟𝑒𝑒𝑛 

Incremental runoff is calculated assuming it behaves in a proportional manner to SCS equation. Determine α 

to solve: 

∆𝑆𝑅𝑂 =∝ [
(𝑃 − 𝐸𝑇 − 𝑝𝑒𝑟𝑐 − 𝑆𝑅𝑂𝑔𝑟𝑒𝑒𝑛 − ∆𝑆𝑅𝑂 − ∆𝑆𝑀)2

−(𝑃 − 𝐸𝑇 − 𝑝𝑒𝑟𝑐 − 𝑆𝑅𝑂𝑔𝑟𝑒𝑒𝑛 − ∆𝑆𝑅𝑂 − ∆𝑆𝑀) + 𝑖𝑛𝑓𝑧(𝜃𝑠𝑎𝑡 − 𝜃0)
] 

 

Then 

𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑃 − 𝐸𝑇 − 𝑝𝑒𝑟𝑐 − 𝑆𝑅𝑂 − ∆𝑆𝑀 
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WaterPix calibration process is done using the ground measurement on flows and auxiliary satellite 

measurement such as storage change values reported by GRACE. Flow data was used prior to running 

WaterPix, to estimate precipitation corrections in order to close the yearly water balance. The corrections were 

found to be well within uncertainty bounds. Further calibration is done by adjusting partitioning of runoff ratio 

to surface runoff and groundwater/base flow to better represent ground situations. The model at first uses the 

partitioning ration from global hydrological models, however these global values need to be adjusted based on 

the observed flow data, where available, to better represent ground reality.  

 

Water accounting sheets: 

The WA+ has several fact sheets. These fact sheets are designed to communicate key information about the 

status of water resources, water use pattern, productivity of water use, and actual water flows among others to 

the users. The WA+ sheets are available through www.wateraccounting.org. The WA-Urmia project focuses 

on generating two main sheets of WA+. These sheets are the Resource base sheet and the Evapotranspiration 

sheet. Table 3.1 provides an overview of the purposes of the WA+ sheets. 

 

Table 3.1: Overview of the WA+ sheets and their purposes. 

Sheet 1 – Resource Base 

 General overview on over-exploitation, unmanageable, manageable, exploitable, reserved, 

utilized and utilizable flows at river basin scale 

 Discern between landscape ET (by rainfall) and incremental ET (by natural and man-made 

withdrawals) 

 Assessing commitments to environment and legal agreements 

 Quantifying atmospheric water recycling 

 Understand water scarcity during dry years 

Sheet2 - Evapotranspiration 

 Quantify water consumption for all land use classes throughout the basin 

 Describing the anthropogenic impact on ET and concepts of ET management to reduce total 

water consumption from withdrawals and inundations 

 Understand impact of land use planning on consumptive use 

 Relate water consumption to intended processes (beneficial vs. non-beneficial ET) 

 

The resource base sheet, Figure 3.5, provides information on water volumes. Inflows are shown on the left 

of the sheet diagram, the middle part provides information on how and through what processes the water is 

depleted within a domain, and information on water use and reports on total water depletion and outflows are 

summarized on the right.  

Precipitation plus any inflow from outside the domain boundaries is Gross inflow. Precipitation is divided to 

P advection and P recycled. The latter is the portion of precipitation that originates from evapotranspiration 

within a domain. The inflow from outside the domain boundaries could be through surface water Qsw
in, ground 

water Qgw
in, or from inter-basin transfer project and/or desalination Qdesal. Gross inflow plus the storage change 

forms the Net Inflow. The storage change ΔS, consists of surface water storage changes, groundwater storage 

change, soil moisture storage change in the vadose zone and, if applicable, the snow and glacier melt. The net 

inflow is divided between the Landscape ET and the Exploitable water.  

The landscape ET is a consequence of a rainfall distribution across the land. This water is vaporized without 

direct human interference. The landscape ET is partly from direct rainfall over the area. This is called Rainfall 

ET and corresponds with the definition of Green ET in WaterPix (see the previous section). A part of the 

http://www.wateraccounting.org/
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Landscape ET is under the Incremental ET. The incremental ET refers to the fraction of ET that is coming 

from Blue ET. Incremental ET in natural landscape typically happens in flooded natural landscapes, in the 

foothills, or in the groundwater dependent ecosystems. 

A breakdown of Landscape ET is, then, provided based on the four land use categories of PLU, ULU, and 

MLU for both rainfall ET and the incremental ET. A portion of managed water use falls under landscape ET, 

this represents evapotranspiration that originates from direct rainfall on this land use category. For example 

received rainfall in an irrigated land, although insufficient for full crop production, forms part of the total ET 

over a growth season. 

 

 

Figure 3.5: WA+ Resource base sheet 

 

The net inflow minus the landscape ET is referred to as the Exploitable water. It represents the portion of the 

net inflow that is not evaporated naturally and, barring the part that comes from the storage, is a renewable 

water resource available for downstream use and withdrawals.  

Not all of the exploitable water is available for use as part of it has to be reserved to meet commitments to 

downstream water rights, navigational flow, and environmental flow. This water is called Reserved outflow. 

The reserved outflow is taken equal to the maximum of the committed flows, navigational flow, and the 

environmental flow. It is because none of these actually deplete water; the same water that serves navigational 

needs can serve environmental flow demand and then flow out to meet any downstream water commitment. 
An example of non-utilizable flow is during and after flood events when excess water threatens to inundate 

large areas. It could partially be committed to outflow, but the volume and timing will most likely not match 

the temporal continuity of the reserved outflow requirement.  

The term Available water indicates the water that can be allocated to various water use sectors. This the 

remaining water after subtracting the reserved outflow and the non-utilizable water from the exploitable water.  

Part of the available water is consumed and is called utilized flow. Utilized flow mainly takes place through 

incremental ET, but it also includes the Non-recoverable flow, which is water that flows to sinks (e.g. flows to 
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saline groundwater aquifers or other locations where the water is no more recovered) or becomes unavailable 

for further use due to contamination, pollution, and any quality degradation because of a lack of treatment 

plants or beds. The available water less the utilized water is Utilizable outflow representing the amount of 

additional water that could be utilized. It represents the water that is not consumed, nor reserved, and is thus 

available for use within the basin or for export and intra basin water transfers.  

Consumed water shows the total amount of water that is consumed. It mainly refers to consumptive use of 

water (Perry, 2007) however it also includes non-recoverable flows. Consumed water is sum of the rainfall 

ET, incremental ET and the non-recoverable flow. The sum of the utilizable, non-utilizable and reserved is the 

portion of water that leaves the domain without being consumed. This is referred to as Non-consumed water.  

Depleted water refers to all the water that permanently leave the through evapotranspiration process.  It is 

equal to the total ET minus the ET recycled. The ET recycled is the evapotranspiration that recycled and returns 

to the domain in form of precipitation. ET recycled is what forms P recycled. The total Outflow, Lastly, is 

divided to surface outflow Qsw
out, subsurface outflow Qgw

oulet, and any artificial water export/transfer to other 

basins Qsw
out.  

The Evapotranspiration sheet, Figure 3.6, describes which parts of ET processes are Managed, Manageable 

or Non-Manageable. Management regime is the key distinguishing factor in this sheet as it aims at providing 

an insight as to how the total ET, i.e. water consumption, relates to human activities.  

The term manageable implies that it is not actively managed yet, and that a light form of utilization is accepted 

under the current situation. The sheet then divides ET to land use categories of PLU, ULU, MLU, and MWU. 

ET in each land use category is then divided to land use classes.  Total Evaporation is then discerned from 

Transpiration and devided to E from water, soil and the interception. 

Knowing the physical volumes of E and T by different users, the next step is to evaluate the benefits derived 

from the use of water. It requires a value judgment to define beneficial and non-beneficial ET. The definition 

of “beneficial” and “non-beneficial” ET can be adjusted in specific cases by the users based on their local 

value assessment.  

 

Figure 3.6: WA+ Evapotranspiration sheet 
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Non-beneficial ET occurs through certain physical processes. For instance evaporation (from soil, water), and 

interception evaporation from wet leaves and canopy. While T is generally considered as beneficial, it can be 

considered non-beneficial in some cases such as weed infestations in cropland or in degraded landscapes, or 

when there are non-desirable plants.  

E is usually considered as non-beneficial because the vast majority of E originates from wet soils that are 

fallow or covered partially. However, the E from natural water surfaces is often beneficial, for example in 

cases where water bodies serve the purpose of fishing, aquatic birds, and buffering floods among others. 
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3.3 WATER ACCOUNTING + INPUT DATA 

The WA+ uses a wide range of data, mostly remotely sensed, from various independent data sources and 

agencies. Table 3.2 summarizes the main data items used in WA-Urmia project for the WA+. The data sources, 

and information on the spatiotemporal resolution is also described.  

 

Table 3.2: Data inputs for the WA+ implementation in the Urmia Lake Basin 

Variable Parameter Source Spatial 

Resolution 

Temporal 

resolution 

Precipitation P Interpolation from in-

situ stations 

1000 m Daily  

Actual 

Evapotranspiration 

ETa WA-Urmia project 30 m Monthly 

Reference Evaporation ETref WA-Urmia project 250 m Monthly 

Land use land cover LULC FAO 30 m Static 

Leaf Area Index LAI MODIS (MOD15) 500m 8-daily 

Soil Water Index SWI ASCAT 12,500m Monthly 

SWI at first day of the 

month 

SWIo ASCAT 12,500m Monthly 

SWI at last day of the 

month 

SWIx ASCAT 12,500m Monthly 

Runoff Ratio  r Computed from 

GLDAS 

25,000m Yearly 

Saturated Water 

Content 
𝜃𝑆𝐴𝑇  HiHydroSoil 0.008333 degree 

(about 900m at 

the equator) 

Static 

Root depth  Derived from the 

LULC map 

 Static 

Digital Elevation Map DEM SRTM 30 m Static 

Net Primary Production NPP WaPOR 250m Monthly 

Area equipped for 

surface water irrigation 
 GMIA - FAO 0.08333 degree Static 
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Precipitation: 

For the rainfall, multiple sources were compared to estimate the total rainfall in the basin during the study 

period. Data from two major sources were used: 1) Ground based stations 2) Satellite derived rainfall products. 

For ground based rainfall data, we received daily rainfall data 410 stations from the ULRP and 42 stations with 

monthly data from Iran Meteorological Organization (IRIMO). These stations are either located in the basin 

or in the proximity of the basin boundaries. After data filtering only 92 stations from the ULRP shared station 

and 26 stations from IRIMO were considered for further analysis. The omitted stations were those that either 

completely or partially missing data in the period of 2013 to 2015.  In the end a total of 118 stations were used 

for estimating monthly and annual rainfalls. Spatial interpolation using Bicubic Spline method was applied to 

the aggregated monthly data from 118 stations to create rainfall maps. Figure 3.7 shows locations of 118 

stations used in this study. 

 

 
Figure 3.7: Locations of 118 Stations used in this study 

In addition we processed data from three major rainfall products available in public global data portals: i) 

Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) ii) The 

Tropical Rainfall Measuring Mission (TRMM) and iii) The Global Precipitation Measurement (GPM) for the 

years 2013 – 2015. GPM being latest product is only available since April 2014. All the datasets were then 

aggregated from daily to monthly and annual rainfalls. A performance assessment of these products were 

carried out using 26 IRIMO stations data, and the results are shown in the Figure XX.  We found that in the 

basin, CHIRPS data was showing better accuracy compared to TRMM and GPM. 

Figure 3.8 shows annual rainfall maps of 2015 from CHIRPS, TRMM, GPM and interpolated STN data. 
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Figure 3.8: 2015 rainfall map for Urmia Lake Basin from CHIRPS (a), TRMM (b), GPM (c) and 

interpolated rainfall stations (d) 

 

For the comparison we computed Mean Absolute Percentage Error (MAPE) between satellites derived rainfall 

products and the station data. The lowest MAPE of 18% was reported with CHIRPS data, while higher MAPE, 

lower accuracy, of 27% and 33% were reported with TRMM and GPM respectively (Figure 3.9). Overall trend 

of rainfall in these three years were comparable to those of the station data. While CHIRPS is best performing 

RS based product, we observed that anomaly events were not well represented in the CHIRPS. For example, 

October 2014 had above 100mm rainfall as per multiple station records, but it was not captured in CHIRPS 

(Figure 3.10). Despite of reporting the lowest MAPE in comparison to the field data, CHIRPS was not able to 

capture high rainfall events. This is consistent with the findings of (El Kenawy et al., 2019) who compared 

several RS-based precipitation products with station data in the Middle East and concluded that the RS-based 

estimates perform poorly in capturing the anomalous rainfall events in the region. 

 

 

 

 

a) 
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Figure 3.9: Comparison of annual rainfall of CHIRPS, TRMM and GPA with the ground stations in 2015 

 

Based on the results of these comparisons both in terms of overall monthly/annual values and the rainfall 

pattern over time we have concluded that the interpolated station data for Urmia basin is the most reliable 

option. Data from 118 stations provide an acceptable coverage in the basin and they capture the spatial rainfall 

variation in the basin.   

 

 
Figure 3.10: Comparison of average monthly CHIRPS rainfall in the Urmia Lake Basin with the ground 

stations (2013-2015) 
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Figure 3.11: Annual precipitation in the Urmia Lake Basin in water year 2013-14 and 2014-15 

 

Leaf Area Index: 

Leaf Area Index (LAI) describes a fundamental property of the plant canopy in its interaction with the 

atmosphere, especially concerning radiation, energy, momentum and gas exchange. Leaf area plays a key role 

in the absorption of radiation, in the deposition of photosynthesis during the diurnal and seasonal cycles, and 

in the pathways and rates of biogeochemical cycling within the canopy-soil system. Globally, it varies from 

less than 1 to above 10 but there is also significant variation within biomes at regional, landscape, and local 

levels.                   

 

Figure 3.12: Annual mean LAI in Urmia Lake Basin 

2013-14 2014-15 

2013-14 2014-15 
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Remotely sensed LAI estimates are available as a standard global 8-day composite product (MOD15A2) 

developed from spectral data acquired from the Moderate Resolution Imaging Spectroradiometer (MODIS) 

sensor aboard Terra satellite. The MODIS LAI algorithm compares MODIS bidirectional spectral reflectance 

with model-based entries for six biome types stored in a look-up-table and then derives a distribution of 

possible solutions. If the look-up method fails to localize a solution, a back-up method based on the relationship 

between the normalized difference vegetation index (NDVI) and LAI is used with a biome classification.  

This 8-day 500m resolution data was downloaded from the Land Processes Distributed Active Archive Center 

(LPDAAC). The monthly LAI data was pre-processed to be used as an input to the WaterPix model. The 

annual mean LAI maps of the Urmia lake basin for 2013, 2014 and 2015 are shown in Figure 3.12.  

 

Soil Moisture: 

Monthly spatially distributed soil moisture data is one of the main inputs to WaterPix model. The model uses 

the monthly mean, first day and last day of each month data for calculation of change in soil moisture storage. 

We use soil moisture data from the Advanced Scatterometer (ASCAT).  ASCAT, a real aperture radar, 

operating at 5.255 GHz (C-band) by EUMESTAT (European Organisation for the exploitation of Metrological 

Satellites). ASCAT illuminates a swath width of 550km aboard METOP satellites at an altitude of 837km, and 

conveys a long pulse with Linear Frequency Modulation (‘chirp’). Soil moisture can be retrieved from 

backscattering of the pulses. The soil moisture retrieval algorithm was developed by TU Wein and is constantly 

being updated. ASCAT has a global coverage and its ability to provide frequent data has made it widely used 

in climatic studies.  

 

 

Figure 3.13: Annual mean soil water index (SWI) in Urmia Lake Basin 

The ASCAT data comes originally at 12.5 km resolution and will be resampled in WaterPix to a defined scale 

in the model. For the Urmia lake basin project the required soil moisture data including monthly means, first-

day and last-day of months are downloaded and formatted for the use in WaterPix. Figure 3.13 shows the 

average annual values of soil moisture in the basin. The SWI index represents the soil moisture content in the 

first 1 meter of the soil in relative units. The SWI ranges between wilting level (0%) and field capacity (100%). 

To keep the spatial consistency of the layer, water bodies were assumed to have SWI of 100% at all time.  

2013-14 2014-15 
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WA+ Land use map 

The initial land use map for the WA+ application in Urmia basin was provided by FAO. The map identifies 

13 classes of land use in the basin for 2015 (Figure 3.14). The rangelands with an area of 28782 km2 are the 

biggest land use class in this 51,400 km2 basin. The rangelands are followed by rainfed agriculture that 

occupies 13% of the land area, 6435 km2. Irrigated agriculture in the map are represented in three land use 

classes of irrigated wheat and barley, irrigated summer crops and orchards. A total sum of 4816 Km2 is under 

irrigated agriculture which correspond with 9% of the total land area. Other classes include fallow lands (3453 

km2), barren lands (3379 km2), Built up (867 km2), Salt land (1774 km2) and a collective of 1917 km2 under 

various water body types.  

 

Figure 3.14: Land use of Urmia basin (source: FAO) 

 

The map has been validated by the Tarbiat Modares University (TMU) against a total number of 1029 ground 

truth points. The GT points consisted of 148 point collected in a field survey in 2015, and 881 points extracted 

from high resolution Google Earth and Bing Aerial12 imageries. Table 3.3 shows that confusion matrix made 

for the land use map using these ground truth points. The reported overall accuracy for the map was 0.88 with 

a Kappa coefficient of approximately 0.87. 
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Table 3.3: Confusion matrix of the 2015 land use map (source: FAO/TMU) 

 

WA+ categorizes the land use classes to four main categories of land use groups based on the potential to 

manage the land and water resources. These categories include the Protected Land Use (PLU), Utilized Land 

Use (ULU), Modified Land Use (MLU), and Managed Water Use (MWU). The group PLU represents areas 

set aside for minimal disturbance by humans. It includes natural ecosystems or biomes earmarked for 

conservation as a heritage for the future. Examples are national parks, coastal protection areas, game reserves, 

and Ramsar sites.   The group ULU represents a land use that provides a range of ecosystem services and which 

has had little interference by man.  However, people often use such land for the services it provides, like food 

production or fuelwood. Examples include grassland or savanna. The group MLU refers to land that is 

significantly modified by human activity for the sake of food, fodder, fiber, and fish production.  Water 

diversions and abstractions do not take place in the “modified land use” group, but by modifying vegetation 

density, hydrological processes such as ET, drainage, percolation, and recharge are affected. Rainfed cropping 

systems and plantation forests typically fall in the “modified land use” class.  The group MWU represents the 

land use classes in which the natural water cycle is manipulated by physical infrastructure; water is 

intentionally retained, withdrawn, pumped, and diverted. The group of “managed water use” includes urban 

areas and villages, irrigated agriculture, and reservoirs. 

On this basis the land use map of the Urmia Lake Basin was converted to the map of the WA+ land use 

categories (Figure 3.15).  The main WA+ land use category in the basin is ULU which occupies 65% of the 

land area. ULU is followed by MLU (22%) and MWU (13 %). Since the water accounting in this project was 

carried out for areas surrounding the lake, the lake and the protected islands in the lake area were not included 

in the map. 
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Irrigated wheat & 

Barley 

35 3 4 0 2 0 1 0 0 0 0 45 

Irrigated summer 

crop 

0 53 9 0 0 0 0 0 0 0 0 62 

Orchards 3 5 142 2 0 0 4 0 0 0 0 156 

Rain-fed agriculture 2 0 7 145 18 0 4 0 0 0 0 176 

Fallow 0 0 3 1 81 0 13 0 0 0 0 98 

Barren land 0 0 1 0 0 18 0 0 0 0 4 23 

Range land 0 1 7 9 13 4 204 0 0 3 0 241 

Natural water 0 0 0 0 0 0 0 20 0 0 0 20 

Man-made water 0 0 0 0 0 0 0 0 24 0 0 24 

Built-up 0 0 0 0 0 0 0 0 0 152 0 152 

Salt land 0 0 0 0 0 0 0 1 0 0 31 32 

Total 40 62 173 157 114 22 226 21 24 155 35 1029 
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Figure 3.15. WA+ Land use categories for Urmia basin  

 

Net Primary Production 

The Net Primary Production (NPP) is the total amount of carbon that is fixed by vegetative growth during a 

growing season through photosynthesis (Bleam and Bleam, 2012). The NPP data is taken from FAO WaPOR 

data base and it has a spatial resolution of 250 m with a monthly temporal resolution. The NPP data is used in 

WA+ as the basis to partition evapotranspiration ET to evaporation E and transpiration T.  The output of this 

division is, then, used to inform the WA+ Evapotranspiration sheet.  The NPP data is also used to calculate 

Above Ground Biomass Production (AGBP) and subsequently water productivity in Urmia Lake Basin.  

 

Figure 3.16.  Annual net primary production (g/m2) in Urmia Lake Basin  

2014-15 2013-14 
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3.4 WATER ACCOUNTING + OUTPUTS 

 

Water accounting for the Urmia Lake Basin was carried out for two water years of Oct 2013- Sep 2014 and 

Oct 2014 – Sep 2015 (Table 3.4). The accounting period corresponds with the Iranian water years of 1392-03 

and 1393-94. WA+ sheet 1 and 2 was prepared for the i) Urmia Lake Basin area that excludes the Lake and 

the surrounding salt desert,  ii) Cluster of three sub-basins located in the south of the Lake (Zarineh-roud, 

Simineh-roud and Leylan Chai) and iii) Aji Chai Sub basin. In this section we will present the WA+ results 

for these areas separately. The results of the basin level WA+ is presented and discussed in this section and 

the outputs of the sub-basin analysis are included in the annex a.  

Table 3.4. WA+ application years 

WA year International Calendar Iranian Calendar 

Year 1 Oct 2013 – Sep 2014 Mehr 1392 – Shahrivar 1393 

Year 2 Oct 2014 – Sep 2015 Mehr 1393 – Shahrivar 1394 

 

Urmia Lake Basin  

The focus area for the basin level analysis was the whole Urmia Lake Basin minus the lake and its surrounding 

salt desert. The total outflow from this area was considered as the total inflow to the Lake. Figure xx shows 

the area that was covered in the basin level analysis, which covers 44,403 km2 and consist of 22 sub-basins. 

The annual average rainfall in the accounting period was 310 mm and 369 mm in the water years of 2013-14 

and 2104-15 respectively.  

 

 

Figure 3.17: Map of the area considered for WA+ application of Urmia basin  
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Figure 3.18 shows the WA+ resource bases sheet for Urmia basin in the 2013-14 accounting year (hereafter 

year 1) and 2014-2015 (hereafter year 2). The unit used in the sheets is 0.1 km3 to avoid rounding being 

volumes of water in the presentation of the results. The total precipitation was 13.76 km3 (=137.6 x 0.1 km3) 

in the year 1 of which an estimated 2.7 km3 was recycled from the evapotranspiration in the basin. The year 1 

with an average precipitation of 310 mm was considered as a dry year when compared to long term basin 

average of 378 mm (Moradi et al., 2017). The year 2 with a precipitation of 369 mm was closer to an average 

year.  

 

 
Figure 3.18: WA+ Resources base sheet for Urmia basin in 2013-14 and 2014-15 water years  

(All Units are in 0.1 Km3) 
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WA+ results show that, the low rainfall in the year 1 forced the farmers to turn to storage to compensate for 

the deficit of water. This led to an estimated 0.39 km3 (ΔS= 3.9 x 0.1 km3) combined surface, groundwater and 

soil moisture storage depletion. This is the volume of water that was taken from the storage in year 1 without 

replenishing. In the year two due to having higher rainfall the overall depletion of storage was much lower at 

0.01 km3 (ΔS= 0.1 x 0.1 km3), almost negligible.  Yet the results show that the loss of storage in year 1 was 

not compensated in the year 2 and the storage continued to be depleted despite receiving higher rainfall in year 

2. The trend in changes of storage at both monthly and annual scale matched those of measured independently 

by the Gravity recovery and climate experiment (GRACE) satellite (Figure 3.19).   

 

 

Figure 3.19: Comparison between WA+ storage change trend and GRACE data 

 

Ground water and surface storage change data is collected periodically by the Water Resources Management 

Company in Iran (Table 3.5). This data was made available to IHE by the ULRP. The data reports nearly a 

total of 0.26 km3 reduction of storage for both groundwater and surface water in the year 1 and almost no 

change in storage in the second year. The estimated storage depletion by WA+ is comparable with these 

estimates and flows the same trend. Although WA+ shows slightly higher rate of depletion. This can be 

attributed to the fact that the WA+ storage depletion takes into account the soil moisture depletion whereas the 

ground data is missing this component.  

Table 3.5. Measured surface and ground water storage change in the Urmia basin in the accounting period  

Storage Type 
Change in storage (0.1 km3) 

Year 1 (2013-2014) Year 2 (2013-2014) 

Dams - 1.32 + 0.42 

Aquifers - 1.31 - 0.33 

Total  - 2.63 + 0.09 

 

Of the total precipitation in the basin nearly 80% was Landscape ET which indicates the total 

evapotranspiration through natural processes. This is an important observation considering that the year 1 was 

a dry year with 18% less precipitation compared to the year 2. It hints that the amount of water that is allocable 
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in the basin is almost linearly related to the total precipitation.  Although a two year analysis may not be 

sufficient to draw a conclusion. 

The remaining 20% of the total precipitation plus the water that was depleted from the storage formed the 

Exploitable water. The exploitable water is the amounts water that can potentially be allocated. In the year 1 

the exploitable water was 2.85 km3 (=28.5 x 0.1 km3) and was increased to 31.0 km3 (=31.0 x 0.1 km3) in the 

year 2.  

The reserved flow must be informed by a set and agreed upon environmental flow, navigational flow or 

downstream commitments and needs. Such set volumes of water needs have not been formalized for Urmia 

basin. Hence, in the absence of an official volume of water for the environmental flow requirement and in line 

with the URLP goals and objectives, the whole outflow minus the non-utilizable outflow in the accounting 

period was considered as the environmental water demand of the lake. As such for the first year the reserved 

flow was calculated at 0.67 km3 (=6.7 x 0.1 km3) and in the year 2 at 0.96 km3 (=9.6 x 0.1 km3), that were equal 

to estimated entire outflow to the lake. Ideally the environmental flow needs must be constant and match the 

water that needs to maintain the Lake level and area at the desired targets. Assuming the target is the ecological 

level of 1274.1 (=4333 km2 area) the environmental flow need can be estimated at 3.5 to 3.8 km3 per annum 

with the underlying assumptions of average evaporation rate of 1100-1150 mm and average rainfall of 250-

300 mm. This number exceeds that total outflow of both accounting years by three folds. It is important that 

this simple calculation of the environmental flow need is relevant when the lake will have 4333 km2 area which 

is almost the double the current area of the lake.  

The average two-year annual total net water consumption from water withdrawals, i.e. the utilized flow, was 

2.14 km3 (=21.4 x 0.1 km3). Notably, the utilized flow did not show a significant change in the two year with 

the first year being slightly higher at 2.16 km3 (=21.6 x 0.1 km3) than the second year, 2.12 km3 (=21.2 x 0.1 

km3). This suggest that in the first year which was a dry year a higher proportion of the overall water use has 

come from withdrawals, likely the groundwater, compared to the second year which had higher rainfall. The 

figure is in line with previous estimates compiled by Morid (2018) (Table 3.6). Although these studies have 

been conducted for different study periods, they indicate the range and offer a comparison for the WA+ output. 

 

Table 3.6. Estimated utilized flow in previous studies (adapted from Morid 2018) 

Source Model/Method Estimated utilized flow (km3) 

JICA report Hydrological modelling – MIKE SHE 2.24 

Farokhnia et al. Hydrological modelling – SWAT LU 2.11 

Shadkam et al. 2017 Hydrological modelling - VIC 2.85 

 

The total evapotranspiration was 13.46 km3 (=134.6 x 0.1 km3) in the first year and 15.42 km3 (=154.2 x 0.1 

km3). Based on the estimates of the WAVE+ model developed by (Berger et al., 2018) an estimated 2% of the 

evapotranspired water returns to the basin. This recycled ET, 0.27 km3 (= 2.7 x 0.1 km3) in the first year and 

0.31 km3 (=3.1 x 0.1 km3) formed the P recycled in the respective years.  

The outflow to the lake, Qsw outlet was estimated at 0.69 km3 (=6.9 x 0.1 km3) and in the year 2 at 0.98 km3 (=9.8 

x 0.1 km3). These estimates well compare with the ground data. The sum of the annual flow from the available 

hydrometric stations for the study period show an inflow of 0.60 km3 (=6.0 x 0.1 km3) in the first year and 0.89 

km3 (=8.9 x 0.1 km3) in the year 2. This data missed flow measurements in 4 stations of the total 19 stations 

(Table 3.7).  
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Table 3.7. Annual flow to the lake from different rivers (Source: ULRP) 

River Year 1 (2013-14)  

0.1 km3 
Year 2 (2014-15) 

 0.1 km3 

Barandouzchai 0.86 1.173 

Rouzehchai 0.105 0.184 

Godarchai 0.54 1.18 

Nazluchai 0.43 0.554 

Shaharchai 0.143 0.085 

Mahabadchai 0.178 0.133 

Siminehroud 1.57 2.22 

Zarinehroud 1.03 1.637 

Zolachai 0.1 0 

Sinikhchai 0.079 0.109 

Ghalehchai 0.015 0.037 

Azarshahrchay NA* NA 

Mardoghchai 0.288 0.31 

Lylanchai 0.091 0.117 

Chovanchai 0.0072 0.025 

Soufichai NA NA 

Ajichai 0.583 1.144 

Lake surrounding area NA NA 

Northern Lake rivers NA NA 

Total 6.01 8.91 

*NA: Not Available 

 

Analysis of spatial distribution of precipitation and evapotranspiration offers an insight into where the water 

is consumed in excess of precipitation. Figure 3.20, shows spatial distribution of P minus ET values. Areas in 

blue shades are those that rainfall exceeds evaporation and those in red shades are where evapotranspiration 

exceeds precipitation.  

The areas in dark blue can be referred to as Water Source Zone (D. J. Molden et al., 2001), these  are typically 

areas where most of the runoff is generated and are of importance to groundwater recharge and replenishing 

aquifers. Management intervention in the water source zone are likely to impact basin-wide availability of blue 

water. While the precipitation surplus in this zone offers opportunities for capturing and using water locally, 

for instance through rain water harvesting practices or expansion of rainfed agriculture, the implications on 

water availability in downstream and possible trade-offs must be evaluated and considered.  

The dark red areas are where majority of water is consumed. In Urmia basin two significant zones that fall in 

this category are the Urmia Lake and the irrigated agriculture. The Urmia Lake can be categorized as 

Environmentally Sensitive Zone.  This zone is typified by the existence of ecological and environmental 

sensitive issues and their needs for water must be carefully assessed and considered.  

The area under irrigated agriculture, including irrigated crops and orchards, is where majority of blue water is 

consumed. This area is in direct competition with the Urmia Lake for water flows. Hence, interventions that 

focus on Real Water Saving (Keller and Keller, 1995) needs to be considered for these locations. Real water 

saving implies saving of water to be transferred to another area for a beneficial use (D. Molden et al., 2001). 

Two major such areas in Urmia basin are Miandoab irrigation scheme and Urmia irrigation scheme which both 

stand out in the map. Other schemes such as Mahabad scheme are also where attention is needed.  
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Figure 3.20: Annual precipitation minus annual evapotranspiration (P – ET) 

Figure 3.21 shows the WA+ Evapotranspiration sheet for the Urmia Lake basin in year 1 and 2. The ET sheet 

primarily designed to provide information on the processes through which water is consumed.  The results 

show that in Urmia basin on average 40% of the total ET is originated from human managed processes. In the 

year 1, of the total 13.46 km3 (=134.6 x 0.1 km3) evapotranspiration 5.57 km3 (=55.7 x 0.1 km3), 41%, has been 

through managed activities. In the year 2, of the total ET of 15.42 km3 (=154.2 x 0.1 km3), 6.13 km3 (=61.3 x 

0.1 km3) was managed. In both years agriculture was the primary consumer of water within the managed 

activities. Agriculture, combined for both rainfed and irrigated, accounts for 31% of the basin total ET. A 

significant portion, 42%, of evapotranspiration from agriculture is through rainfed agriculture and the rest 58% 

is through irrigated agriculture. Almost half, 50%, of water consumed in rainfed agriculture is lost to 

evaporation. Transpiration is what contributes to biomass production. Evaporation, while having some positive 

canopy cooling effect, does not contribute to crop growth in agriculture and is mostly considered to be non-

beneficial. This shows, in general, rainfed agriculture is currently unable to reach its potential in productivity 

and efficient use of water. It also hints at exiting opportunity for improvements through practices that help 

reduce evaporation and either increase T to boost production or reduce ET to save water in the rainfed sector. 

This can be achieved by interventions such as mulching, use of better seeds and, overall, improved farm water 

management and targeted investments in the rainfed areas.  

Fallow lands have a significant share in water consumption. More than 80 % of precipitation over the fallow 

lands are directly evapotranspired, mostly through evaporation, without creating any benefit. A large part of 

this can be avoided by keeping organic cover, i.e. crop residue at all time over these areas. This would help to 

reduce evaporation and conserve moisture in the soil profile to be used by the crops in the following season. 

Transpiration in irrigated agriculture accounts for 67% of ET. This figure shows that compared to other river 

basins in the region (e.g. Litani in Lebanon with 82% T/ET) the irrigated agriculture in Urmia basin is 

underperforming and loses water to non-beneficial processes. The fact that more than almost 75% of total ET 

from irrigated agriculture originates from blue water shows that management strategies that aims at improving 

on-farm irrigation practices could bring about significant gains in reduction of E (hence ET) and increase of 

beneficial consumption of water in irrigated agriculture.  

On average Transpiration formed 48% of the total ET in the basin across all land uses. The remaining 52% 

was consumed through evaporation. Evaporation was mostly from soil, 90%, and through interception 10%. 

Evaporation from water surface was insignificant compared to those of soil and interception. It must be noted 

that the Urmia Lake itself is excluded from this assessment.   
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Figure 3.21: WA+ Resources base sheet for Urmia basin in 2013-14 and 2014-15 water years (All Units are 

in 0.1 Km3) 

 

Overall, the results show that majority of water in Urmia basin is used by processes that produce limited or no 

benefits. This is evident from the low average beneficial fraction (=Beneficial ET / Total ET) of 44%. In a 

basin such as Urmia where water scarcity has had dire impacts on the environment, it is of outmost importance 

to ensure water is used in most beneficial manner possible. Hence special attention must be given to increasing 

the beneficial use of water through targeted policies in different sectors.  Box 1 summarizes the key findings 
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of water accounting in terms of water use trends in the Urmia Lake basin. These finding together with the 

WA+ sheets and maps must be used to inform formulation of interventions that could help improve the 

situation.  

 

 

Accuracy of water accounting results can be improved by improving the quality of the input data such rainfall, 

land use, ground measure flows and ET. Additional rain gauges especially in the eastern side of the basin 

where the rain gauges density is low, figure 3.7. Additional flow gauges would also be very valuable not only 

for better capturing the flows but also for calibrating rainfall and ET estimates at sub-basin and basin levels. 

Water accounting results are also sensitive to the quality of the land use map. An improved land use map with 

more land use classes would increase accuracy of the results and also provide the possibility to provide an 

insight into water use per major crops. This could be a key input information for policy decisions that aim at 

changing cropping patterns and the extent of the area under different crops. In-situ measurements of ET will 

also be helpful to calibrate ET maps and increase accuracy of the RS based evapotranspiration estimates 

especially in areas where our knowledge of ET processes is limited such as rangelands that have a high 

vegetative density.  

 

 

Box 3.1: Key Water Accounting facts 

96% of the total precipitation is consumed, evapotranspired, before reaching the Urmia Lake 

56 % of water consumption is through non-beneficial processes 

52% of the total ET across all land uses is evaporation 

41% of the total ET is through human managed processes (managed ET) 

78% of the managed ET is agriculture ET 

75% of total ET from irrigated agriculture is from blue water 

33% of irrigated agriculture ET is evaporation (desired is 20%) 

60% of irrigated agriculture ET is through orchards 

42% of the agriculture ET is through rainfed agriculture 

50% of water consumed in rainfed agriculture is lost to evaporation 
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Chapter 4 

 
Training and Capacity Building 

 

 
This chapter explains the WA-Urmia project activities in regards with the training activities. It 

refers to output 3 and activity III of the LOA. 
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4.1 TRAININGS OFFERED 

 

Water Accounting Training: Framework, Concepts, Theory 

 

This short course introduces the basic concepts of water accounting and water productivity that underpin the 

WA+ approach. The course has the duration of two days. The aim of the course was to discuss: 

 

 

(i) Concepts of water accounting and water productivity 

(ii) Key terms and definitions of water accounting 

(iii) Water accounting methodology 

(iv) Water consumption 

 

The training being the first and the introductory training sessions on Water Accounting and sought to: 

 

 

(a) Build shared understandings of terms related to water use, introduce publicly available remotely-

sensed data 

(b) Give an initial introduction and familiarize participants with water accounting and Water Accounting 

Plus (WA+) 

 

The training on Water Accounting Training: Framework, Concepts, Theory was held in Urmia city. The 2-

day training was hosted by Urmia University on 7th and 8th October 2017 (Please refer to mission report for 

details). It included lectures, group discussions and hands-on exercises. The course was implemented by the 

following experts: 

 

o Dr. Poolad Karimi, IHE Delft 

o Mr. Jiro Ariyama, FAORNE 

o Mr. Amin Roozbahani, FAO-Iran 

Participants: 

In total, 30 participants joined the training. The participants came from diverse backgrounds such as: 

 Students and professors from several Universities 

 Government officers from the Iranian Meteorological Organization (IMO), Ministry of Agriculture 

Jihad (MAJ), Regional Water Companies (under the Ministry of Energy), and Urmia Lake 

Restoration Program (ULRP). 

 Consultants from a private company (Yekom) 

 Environmental activists 
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Figure 4.1: Water Accounting Training: Framework, Concepts, Theory, Urmia  
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WA+ Training: The science behind the Water accounting plus 

This 4-day training aimed at discussing WA+ fundamentals, theories and equations used to create some of the 

water accounting sheets. The participants learned how in the “Evapotranspiration sheet” ET is partitioned to 

components of ET including transpiration, interception and soil-evaporation. This partitioning allows for better 

understanding of water consumption and quantifying the beneficial and non-beneficial consumption of water. 

The theoretical background was explained and through hands-on exercises participants learned how to put 

these theories in use and do the partitioning of the ET in Python and/or QGIS environment.  

Furthermore, the concepts of blue and green water consumption and a method was discussed and elaborated 

upon. The participants, then, were familiarized with a method that is used in the WA+ to estimate blue and 

green water consumptions. This is a fundamental step in WA+ as it provides for calculating and separating the 

amount of water consumption that comes from natural processes (i.e. direct rainfall – green water) from those 

that originates from using blue water (i.e. incremental ET). 

On the final day of the training, participants were became familiar with the theories and principles used in the 

WaterPix model, which is a hydrologic data-based model used to perform water balance at a pixel scale in the 

WA+. The WaterPix model acts as a hydrological engine in the WA+ that links up and relates different 

hydrological parameter to each other and allow for calculating water flows. 

Most of the exercises conducted during this training were done in either Python or QGIS.  

 

The specific objectives of the training were to: 

 Enable the participants to explain and calculate different components of the Evapotranspiration flux  

 Enable the participants to explain the difference between Blue and Green water consumption and its 

relevance to water management   

 Enable the participants to calculate Blue and Green water consumption.  

 Explain the theory behind the data-driven hydrological model WaterPix.  

 

 

The training was held in Tehran from 10 Dec 2018 to 13 Dec 2018 by Mr. Bert Coerver. 17 local experts from 

different organizations and ministries including Ministry of Agriculture, Ministry of Energy, Islamic Republic 

of Iran Metrological Organization, Water Resource Management Company, Research Institute of Agricultural 

Engineering (AERI), Yekom Consulting Company, University of Amir Kabir, University of Tehran, Water 

Authority, East Az., University of Urmia and Urmia Lake Restoration Program (ULRP).  
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Figure 4.2: WA+ Training: The science behind the Water accounting plus, Tehran 
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ANNEX A. SUB-BASIN LEVEL WATER ACCOUNTING + SHEETS  

 

This annex presents the WA+ resource base sheet and Evapotranspiration sheer for Aji Chai and a cluster of 

three sub-basin of Zarinehroud, Siminehroud and Leylan Chai (figure a1.). The input data used and the process 

applied are similar to those used for Urmia basin and are explained in Chapter 3 of this report. Similar to Urmia 

basin accounting was carried out for two water years of Oct 2013- Sep 2014 (Year 1) and Oct 2014 – Sep 2015 

(Year 2). The values in sheets presented below are in 0.1 km3. 

 

Figure a.1: Map of Sub-basins used for WA+ application  

 

a.1. Aji Chai sub-basin 

Aji Chai is located in the Eastern side of the Urmia Basin and it encompases Tabriz city which is the both 

largest and most populated city in the basin. Aji chai covers and area of 10770 Sq.km and receives an annual 

rainfall of 307 mm in year 1 and 347 mm in year 2. Aji chai recives an annual flow of nearly 0.14 km3 (= 1.4 

x 0.1 km3) through a water transfer project from the Norolozlou diversion dam in Zarinehroud sub-basin. This 

water is shown in the resouse base sheet as Qsw
in in both year 1 and year 2 of the water accounting analysis. 

Similar to the approach in Urmia basin WA+ appliction, entire outflow was considered as reserved flow in 

both years.  
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Figure a.2: WA+ sheet 1 for Aji Chai sub-basin for the accounting year of Oct 2013 to Sep2014 

 

 

Figure a.3: WA+ sheet 1 for Aji Chai sub-basin for the accounting year of Oct 2014 to Sep2015 
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Figure a.4: WA+ sheet 3 for Aji Chai sub-basin for the accounting year of Oct 2013 to Sep2014 

 

 

Figure a.5: WA+ sheet 2 for Aji Chai sub-basin for the accounting year of Oct 2014 to Sep2015 
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Figure a.6: Comparison between WA+ storage change trend and GRACE data in Aji Chai Sub -Basin 

 

Table a.1: Table XX. Annual flow of Aji Chai to Urmia lake (Source: ULRP) 

River Year 1 (2013-14) 0.1 

km3 

Year 2 (2014-15) 0.1 

km3 

Aji Chai 0.583 1.144 

 

Table a.2: Measured surface and ground water storage change in the Aji Chai (excluding soil moisture 

storage) 

Storage Type 
Change in storage (0.1 km3) 

Year 1 (2013-2014) Year 2 (2013-2014) 

Dams 0 + 0.05 

Aquifers - 2.34 - 1.5 

Total  - 2.34 - 1.5 

 

 

a.2. Cluster of three sub-basin of Zarinehroud, Siminehroud and Leylan Chai  

These three sub-basins, all located in the southern part of the Urmia basin, are considered as one big sub-basin 

for conducting WA+. The reason was that the three sub-basins are connected hydrologically through a network 

of canals and drains in the Miandoab irrigation scheme. In addition they share the Miandoab aquifer which is 

actively used for irrigation in the Miandoab scheme. These facts make the three sub-basins hydrologically 

inseparable in the absence of measured figures for both surface water distribution and groundwater use and 

recharge. The cluster is spread over 16970 Sq.km of land area, equal to 33% of the whole basin area including 

the Urmia Lake. Some 0.14 km3 (= 1.4 x 0.1 km3) is exported to Aji cahi annually which is shown in the 

resource base sheet undet Qsw
out. Similar to the approach in Urmia basin WA+ appliction, entire outflow was 

considered as reserved flow in both years. 
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Figure a.7: WA+ sheet 1 for Southern 3 sub-basins for the accounting year of Oct 2013 to Sep2014 

 

 

Figure a.8: WA+ sheet 1 for Southern 3 sub-basins for the accounting year of Oct 2014 to Sep2015 
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Figure a.9. WA+ sheet 2 for Southern 3 sub-basins for the accounting year of Oct 2013 to Sep2014 

 

 

Figure a.10. WA+ sheet 2 for Southern 3 sub-basins for the accounting year of Oct 2014 to Sep2015 
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Figure a.11: Comparison between WA+ storage change trend and GRACE data in the southern 3 sub-basins 

 

Table a.3: Annual flow of the southern 3 sub-basins to Urmia lake (Source: ULRP) 

River Year 1 (2013-14) 0.1 

km3 

Year 2 (2014-15) 0.1 

km3 

Siminehroud 1.57 2.22 

Zarinehroud 1.03 1.637 

Lylanchai 0.091 0.117 

Total 2.61 3.97 

 

Table a.4: Measured surface and ground water storage change in the southern 3 sub-basins (excluding soil 

moisture storage) 

Storage Type 
Change in storage (0.1 km3) 

Year 1 (2013-2014) Year 2 (2013-2014) 

Dams -4.43 + 2.23 

Aquifers - 1.27 - 1.5 

Total  - 5.7 + 1.9 
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a.3. Water Productivity Map 

Water productivity (WP) is the ratio of output per unit of consumed water. The water productivity concept is 

developed in recognition of the constraints with traditional irrigation efficiency indicators. The traditional 

indicators focus heavily on engineering aspects of irrigation, which has a bias towards infrastructure 

investments like canal lining. It does not capture water reuse in a system and the ability of irrigation systems 

to turn water supply into food production. It does not reflect the competitive demand from outside the 

agriculture sector at a larger scale. Irrigation efficiency in effect represents only a small portion of hydrological 

processes in a farming system. Irrigation efficiency is not addressing the concepts of consumptive use from a 

viewpoint of total water resources available. It merely looks at water from sources to the field from a “supplier” 

point of view. Farmers are more interested in the results of irrigation (e.g. nutrition, income, jobs) rather than 

on how efficient that production is acquired. Food production is more essential for them, and if water is the 

major input constraint to food production, it make sense to express it per unit of water consumed. This 

philosophy is now widely accepted and adopted in the international community, including donor agencies. 

WP indicators are broader than irrigation efficiency indicators. WP does not replace irrigation efficiency. 

Rather it brings two major outcomes of irrigation water management into one single expression: Crop 

production, the purpose of farming and irrigation, and the water consumed, the means to achieve the 

production. In achieving higher WP, it is still important to look at field level application efficiency, and cross 

sector, upstream/downstream allocative efficiency at catchment/basin level. 

WP in this study was calculated using remotely sensed derived on Above Ground Biomass Production (AGBP) 

data from FAO WaPOR data base and the annual ET map produced in this study. The resulting map shows 

that WP is generally low in Urmia Lake basin with most of the areas having WP of less than 1 kg per cubic 

meter of water. The low water productivity indicates that water use in agriculture is inefficient and there is a 

need for policy interventions that directly aim at increasing WP across different scales from filed to the basin.  

Such intervention can focus on 1) increasing yields and 2) reducing ET. While increasing yield through 

application of improved seeds or higher fertilizer application among other solutions may be achievable, in the 

Urmia basin reduction of ET can be also achieved by focusing on reducing E (refer to chapter 3).   

 

 

Figure a.12: Crop water productivity map of Urmia Lake basin  

 

 

2013-14 2014-15 
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a.4. ETr, ET blue and ET green maps 

 

 

Figure a.13: ET reference maps of Urmia Lake basin  

 

 

Figure a.14: ET blue maps of Urmia Lake basin (Resolution: 1 km) 

 

2013-14 2014-15 

2013-14 2014-15 
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Figure a.15: ET green maps of Urmia Lake basin (Resolution: 1 km) 

 

 

 

Figure a.16: ET blue maps of Ajichai (Resolution: 1 km) 

 

2013-14 2014-15 

2014-15 2013-14 
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Figure a.16: ET green maps of Ajichai (Resolution: 1 km) 

 

 

 

 

Figure a.18: ET blue maps of the three southern sub-basins (Resolution: 1 km) 

 

2013-14 2014-15 

2014-15 2013-14 
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Figure a.19: ET green maps of the three southern sub-basins (Resolution: 1 km) 

 

 

  

2013-14 2014-15 
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a.5. Simple water balance for the 4 western sub-basins 

Table a.5: P and ET in different land use classes in 2013-14 and 2014-15 in the 4 western sub-basins 

Land use class 
Area Precipitation ETa 

km3 mm mcm mm mcm 

2013-2014      

Irrigated wheat and barley 75 351 26 430 32 

Irrigated summer crops 140 292 41 697 98 

Orchard 645 347 224 756 488 

Rainfed agriculture 715 351 251 271 194 

Fallow 195 307 60 176 34 

Barren land 70 260 18 184 13 

Rangeland 2360 366 864 230 543 

Natural water (at least 3 months) 0 289 0 330 0 

Natural water (at least 6 months) 1 403 0 1009 1 

Man-made water (at least 3 months) 0 283 0 763 0 

Man-made water (at least 6 months) 6 409 2 1179 7 

Built-up  147 327 48 317 47 

Salt land 4 266 1 192 1 

      

Total    1,535  1,455 

      

2014-2015      

Irrigated wheat and barley 75 392 29 453 34 

Irrigated summer crops 140 312 44 721 101 

Orchard 645 381 246 768 495 

Rainfed agriculture 715 395 283 310 221 

Fallow 195 348 68 185 36 

Barren land 70 289 20 153 11 

Rangeland 2360 410 967 257 606 

Natural water (at least 3 months) 0 326 0 335 0 

Natural water (at least 6 months) 1 487 0 858 1 

Man-made water (at least 3 months) 0 319 0 667 0 

Man-made water (at least 6 months) 6 496 3 1130 6 

Built-up  147 358 53 326 48 

Salt land 4 287 1 122 0 

      

Total    1,713  1,559 

 

Table a.6: Simple water balance for 2013-14 and 2014-15 in the 4 western sub-basins 

 
P 

(1) 
ET 

(2) 
P-ET 

(3=1-2) 

Observed 

outflow 

(4) 

Storage change 

Calculated 

(=3-4) 
Observed 

2013-14 1,535 1,455 80 154 -74 -99 

2014-15 1,713 1,559 154 200 -46 5 
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ANNEX B. MIANDOAB IRRIGATION SCHEME ETA MAPS 

 

Figure b.1: Annual ETa maps for Miandoab; left – 2013/2014; right - 2014/2015 

 

 

Figure b.2: Seasonal (April-September) ETa maps for Miandoab; left – 2014; right – 2015 
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Figure b.3: Histogram of seasonal (April-Sept) ETa maps for Miandoab; top– 2014; bottom – 2015 

 

 

Figure b.4: Annual – 2013/2014 green (left) and blue (right) ET maps for Miandoab 
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Figure b.5: Annual – 2014/2015 green (left) and blue (right) ET maps for Miandoab 

 

 

Figure b.6: Seasonal (April-September) ETa map of 2014 for H22 area of Cadastre map 
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Figure b.7: Seasonal (April-September) ETa map of 2015 for H22 area of Cadastre map 
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Figure b.8: Annual ET blue (irrigation ET) map of 2013-14 for H22 area of Cadastre map 

 

 

 

 

 

 

 

 

 

 

 

 



99 | P a g e  
  

 

Figure b.9: Annual ET blue (irrigation ET) map of 2014-15 for H22 area of Cadastre map 
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Figure b.10: Annual ET green (rainfall ET) map of 2013-14 for H22 area of Cadastre map 
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Figure b.11: Annual ET green (rainfall ET) map of 2014-15 for H22 area of Cadastre map 
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Figure b.12: Irrigation canals location in H22 area of Cadastre map 



103 | P a g e  
  

ANNEX C. MONTHLY ETA AND RF FOR URMIA LAKE BASIN AND MIANDOAB 

 

 

Figure c.1: Monthly ETa maps of Urmia Lake basin for the year 2013/2014 
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Figure c.2: Monthly ETa maps of Urmia Lake basin for the year 2014/2015 
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Figure c.3: Monthly ETa maps of Aji Chai sub-basin for the year 2013/2014 
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Figure c.4: Monthly ETa maps of Aji Chai sub-basin for the year 2014/2015 
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Figure c.5: Monthly ETa maps of the southern three sub-basins for the year 2013/2014 
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Figure c.6: Monthly ETa maps of the southern three sub-basins for the year 2014/2015 
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Figure c.7: Monthly ETa maps of Miandoab irrigation scheme for the year 2013/2014 
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Figure c.8: Monthly ETa maps of Miandoab irrigation scheme for the year 2014/2015 
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ANNEX D. LANDSAT ACQUISITION DATES USED IN THIS STUDY 

L8 Path 167 L8 Path 168 L8 Path 169 L7 Path 167 L7 Path 168 L7 Path 169 

23/10/2013 14/10/2013 05/10/2013 15/10/2013 06/10/2013 29/10/2013 

24/11/2013 30/10/2013 21/10/2013 31/10/2013 22/10/2013 14/11/2013 

10/12/2013 15/11/2013 06/11/2013 16/11/2013 07/11/2013 30/11/2013 

26/12/2013 01/12/2013 22/11/2013 02/12/2013 23/11/2013 16/12/2013 

11/01/2014 17/12/2013 08/12/2013 18/12/2013 09/12/2013 01/01/2014 

27/01/2014 02/01/2014 24/12/2013 03/01/2014 25/12/2013 17/01/2014 

12/02/2014 18/01/2014 09/01/2014 19/01/2014 10/01/2014 02/02/2014 

28/02/2014 03/02/2014 25/01/2014 04/02/2014 26/01/2014 18/02/2014 

16/03/2014 19/02/2014 10/02/2014 20/02/2014 11/02/2014 06/03/2014 

01/04/2014 07/03/2014 26/02/2014 08/03/2014 27/02/2014 22/03/2014 

17/04/2014 23/03/2014 14/03/2014 24/03/2014 15/03/2014 07/04/2014 

03/05/2014 08/04/2014 30/03/2014 09/04/2014 31/03/2014 23/04/2014 

19/05/2014 24/04/2014 15/04/2014 25/04/2014 16/04/2014 09/05/2014 

04/06/2014 10/05/2014 01/05/2014 11/05/2014 02/05/2014 25/05/2014 

20/06/2014 26/05/2014 17/05/2014 27/05/2014 18/05/2014 10/06/2014 

06/07/2014 11/06/2014 02/06/2014 12/06/2014 03/06/2014 26/06/2014 

22/07/2014 27/06/2014 18/06/2014 28/06/2014 19/06/2014 12/07/2014 

07/08/2014 13/07/2014 04/07/2014 14/07/2014 05/07/2014 28/07/2014 

23/08/2014 29/07/2014 20/07/2014 30/07/2014 21/07/2014 13/08/2014 

08/09/2014 14/08/2014 05/08/2014 15/08/2014 06/08/2014 29/08/2014 

24/09/2014 30/08/2014 21/08/2014 31/08/2014 22/08/2014 14/09/2014 

10/10/2014 15/09/2014 06/09/2014 16/09/2014 07/09/2014 30/09/2014 

26/10/2014 01/10/2014 22/09/2014 02/10/2014 23/09/2014 16/10/2014 

11/11/2014 17/10/2014 08/10/2014 18/10/2014 09/10/2014 01/11/2014 

27/11/2014 02/11/2014 24/10/2014 03/11/2014 10/11/2014 17/11/2014 

13/12/2014 18/11/2014 09/11/2014 19/11/2014 26/11/2014 03/12/2014 

29/12/2014 04/12/2014 25/11/2014 05/12/2014 12/12/2014 19/12/2014 

14/01/2015 20/12/2014 11/12/2014 21/12/2014 28/12/2014 04/01/2015 

30/01/2015 05/01/2015 27/12/2014 06/01/2015 13/01/2015 20/01/2015 

15/02/2015 21/01/2015 12/01/2015 22/01/2015 29/01/2015 05/02/2015 

19/03/2015 06/02/2015 28/01/2015 07/02/2015 14/02/2015 21/02/2015 

04/04/2015 22/02/2015 13/02/2015 23/02/2015 02/03/2015 09/03/2015 

20/04/2015 10/03/2015 01/03/2015 11/03/2015 18/03/2015 25/03/2015 

06/05/2015 26/03/2015 17/03/2015 27/03/2015 03/04/2015 10/04/2015 

22/05/2015 11/04/2015 02/04/2015 12/04/2015 19/04/2015 26/04/2015 

07/06/2015 27/04/2015 18/04/2015 28/04/2015 05/05/2015 12/05/2015 

23/06/2015 13/05/2015 04/05/2015 14/05/2015 21/05/2015 28/05/2015 

09/07/2015 29/05/2015 20/05/2015 30/05/2015 06/06/2015 13/06/2015 

25/07/2015 14/06/2015 05/06/2015 15/06/2015 22/06/2015 29/06/2015 

10/08/2015 30/06/2015 21/06/2015 01/07/2015 08/07/2015 15/07/2015 

26/08/2015 16/07/2015 07/07/2015 17/07/2015 24/07/2015 31/07/2015 

11/09/2015 01/08/2015 23/07/2015 02/08/2015 09/08/2015 16/08/2015 

27/09/2015 17/08/2015 08/08/2015 18/08/2015 25/08/2015 01/09/2015 

 02/09/2015 24/08/2015 03/09/2015 10/09/2015 17/09/2015 

 18/09/2015 09/09/2015 19/09/2015 26/09/2015  

  25/09/2015    
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ANNEX E. PROJECT DATA PORTAL 

IHE has setup a web data portal to visualize spatial maps produced and used in this study. The portal is 

accessible via web address of:  WWW.WA-Urmia.Org 

It contains annual maps of precipitation, ETa, NDVI, LAI, LST, SWI, NPP and P-ET in addition to DEM, 

Land use map of 2015, location of rain gauges, hygrometry station and farm boundaries for a section of 

Miandoab irrigation scheme. The layers can be switched on and off and values for each pixel can be extracted. 

 

 

Figure e.1: Snapshots of the project data portal (www.wa-urmia.org) 

http://www.wa-urmia.org/
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ANNEX E. LIST OF DELIVERED DATA FILES 

 

All raster data are packaged into the archive named "WA-Urmia_data.tar.gz" which can be downloaded from 

http://scientificpubs.com/data_share/WA-Urmia_data.tar.gz  

 

Files are stored as given below: 

 

Urmia basin: 

Monthly/annual SWI maps can be found in “WA-Urmia_data/Urmia_basin/SWI/” 

Monthly/annual LAI maps can be found in “WA-Urmia_data/Urmia_basin/LAI/” 

Monthly/annual NPP maps can be found in “WA-Urmia_data/Urmia_basin/NPP/” 

Monthly/annual NDVI maps can be found in “WA-Urmia_data/Urmia_basin/NDVI/” 

Monthly/annual ETa maps can be found in “WA-Urmia_data/Urmia_basin/ETa/” 

Monthly/annual Precipitation maps can be found in “WA-Urmia_data/Urmia_basin/Precip/” 

Monthly/annual ET blue maps can be found in “WA-Urmia_data/Urmia_basin/ETb/” 

Monthly/annual ET green maps can be found in “WA-Urmia_data/Urmia_basin/ETg/” 

Annual WP maps can be found in “WA-Urmia_data/Urmia_basin/WP/” 

 

Ajichai: 

Monthly/annual SWI maps can be found in “WA-Urmia_data/AjiChai/SWI/” 

Monthly/annual LAI maps can be found in “WA-Urmia_data/AjiChai/LAI/” 

Monthly/annual ETa maps can be found in “WA-Urmia_data/AjiChai/ETa/” 

Monthly/annual Precipitation maps can be found in “WA-Urmia_data/AjiChai/Precip/” 

 

Southern three subbasins: 

Monthly/annual SWI maps can be found in “WA-Urmia_data/Southern_three/SWI/” 

Monthly/annual LAI maps can be found in “WA-Urmia_data/Southern_three/LAI/” 

Monthly/annual ETa maps can be found in “WA-Urmia_data/Southern_three/ETa/” 

Monthly/annual Precipitation maps can be found in “WA-Urmia_data/Southern_three/Precip/” 

 

Miandoab: 

Monthly/annual SWI maps can be found in “WA-Urmia_data/Miandoab/SWI/” 

Monthly/annual LAI maps can be found in “WA-Urmia_data/Miandoab/LAI/” 

Monthly/annual ETa maps can be found in “WA-Urmia_data/Miandoab/ETa/” 

Monthly/annual Precipitation maps can be found in “WA-Urmia_data/Miandoab/Precip/” 

Monthly/annual ETg and ETb maps can be found in “WA-Urmia_data/Miandoab/etg_etb/” 
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Report submitted to FAO under the Integrated Programme for Sustainable Water Resources 

Management in Urmia Lake Basin (GCP/IRA/066/JPN) 

The Urmia Lake Basin is an endorheic basin located in 

the Northwest Iran. Over the past two decades, the Lake 

Urmia, a terminal lake within the basin, has witnessed a 

staggering decline of the surface area from nearly 5000 

km2 to below 2000 km2. The FAO led project titled 

“Sustainable Water Resources Management in the 

Urmia Lake Basin” is set to develop an integrated work 

plan to support the Government of Iran’s efforts in 

restoration of the lake. This report describes the results 

and steps taken for implementing water accounting plus 

(WA+) within this context. The WA+ is a tool developed 

by IHE Delft for collecting, analysing, summarizing and 

reporting the much needed information on water use and 

supply pattern as a building block for formulating 

evidence-based policy interventions that can effectively 

curb water consumption in the Urmia Lake basin.  
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